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OB.CT 

To summarize and correlate the available information on
lubrication in drawing steel cartridge cases.

A summary and correlation of the information on lubrication
in steel cartridge case drawing is herein presented plus some
original data. Naulsion lubricants, tool surfaces, surface pre-
treatments and low melting solid lubricants are. treated. Some
methods of testing and their applicability are briefly summarized. V,
Tapering lubrication is discussed. -,il

Two appendices are included which provide background for the
adequato use and selection of drawing lubricants. One involves
the theoretical bac'-ground of the subject and the other troats
the application of theory to practice in its more" general aspects.

It is rocommondod that lubrication practice for stool drawing
utilize.-

1, Dried soap or wax deposits, preferably plus v-ery
thin rust or immersion flash copper doposits. J

2# Nnulslon lubricants of special composition, as
developed in this program, used in conjunction with a surface pro-
treatment to yield an immersion flash copper deposit, lead coatit,, -
rust coating, sulfide coating, or phosphate coating.

3. Either of tho above to be used with cerbido dies,
highly pe:lishod, and high polished, preferably chromo-plated,',uncho-vtg.:-'. .

AUTHORIZATION

1*,A Report T-1019 Sept, 1942
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PREFACE

This report attempts to summarize tho available information
on lubrication in drawing stool, particularly, stool cartridge
cases. This includes information obtained at Frankford Arsenal
and by the contractors who made stool eases, The most important
data from previous pubJications are summarized and a small amount
of original data included.

In addition, there are included, as appondicas, two sections
that servo to provide background material for the undrstanding
and usage of lubricants in this application and are roforncs-
for certain phases of the subject that cannot be adequately Us-
,:ussed in the first section without losing continuity.

I ,TRODUCTION

In the early phases of development of a drawing problem,
meonanical iosign is more primitive than. in later phases and tho
lubricant is required to boear a greater burden., In addition,
lubricant is ai ideal "culprit" on which to blame failures. Honcp
it is not surprising that, on the basis of shop tests, cortain
lubricants used in the early phases of a development program are
considored poor yet the some lubricants applied in the later phass-
of tho program yield oxcollent results. Bocauso of the motallurgical
and ongineoring difficulties inhoront in stool 3aso menufacturo,
considorablo emphasis was placed on lubrication and, as a consequence
u considorablo emount of information on this subject was accumulated
This information is now also available for stool drauing operations
other ,than cartridge cases,

Because of the nocossity for this amphasis on lubrication,
as well as the extremely rapid convorsion of this project to the
proliminary production phase, a good deal of confusion oxistod
and, ave rise to a rather peculiar situation. This i recorded
hae in the hope tnat future conditions of this sort may be avoidod
Thus, each manufacturer tested dozens of lubricants, frequoaly
inadequately. As each manufacturer of drawing compounds submitted .,- \.'

or sold a particular lubricant to one contractor, his represeta-
tivoapproached the next contractor with the claim that the provious
contractor was using his product (successfully, it is to be inferred
By the time the first contractor found the lubricant inadequate,
it had already boon introduced into'soveral other plants and was
bong tested* Largely because of tho excessive number of lubricants
submitted and the prevalence of mochanical and onginoering diff.-
glctios, many of those lubricants were inadequately tested as ovi-

donod by thb condition in which four or five lubricants were
finally used successfully by differont contractors and each one of
those had been roJoctcd by otier contractors as being inadoquate.



II DRUlSION LUBRICANTS
",'.

As Historical
'4'

The first lubricants tested in this application were
those used commercially in draring ferrous and non-ferrous metals,
Those used for non-ferrous metals, in general, consisted of soap
dispersions or emulsions of fatty matter and free fatty acids in
water with soap as the emulsifyirg agent. Those were shortly
found inadequate and similar emulsions containing insoluble fillers
and stilfurized fats and cils, which were used in other heavy drawing
operations, wore then tried with some promise, utilizing the stool
drawing dies prevalent at that timo.

Almost immediately after thc boginning of the stool
case program, the need for a laboratory method of ovaluation be-
came evident since about 100 difforont commercial products wore
submitted, most of which wore accompanied by glowing claims. In
addition, shop tests at that time wore besot with many variables*

On the basis of theoretical considorations, it was
believed that thi factors governing stcol drawing lubrication wore
mainly those of weld prevention. Consequently, extreme pressure
lubricant testing machines, developed for testing hypoid gear
lubricants, wore surveyed to obtain a laboratory testing devices
The weld proventivo requisite was substantiated by the observations
that most tool failuros in drawing steel cases were due to build-up
of motal on the dies and resultant scoring of the case pieces,

It was indicated after substantial correspondence that
several companies wore obtaining data on drawing lubricants with
a Falox (Favillo-LoVally) E. P. Lubricant Testing Machine (Fig. 1).
Although several difforent proceduro wore boing used, the pro-
cedur developed by th( grown Cork and Seal Co. of Baltimore, Md.
seemed most promising I1*0 Some details of this procedure appeared
to be too involved fez the information dosirod and consequently, this
procedure was simplified.

B. Use of the Falox Machine for Testing Ruulsion Lubricants

In the Falox Machine a 1/4 inch journal initially makes
line lottact at four places with 2 V shapod bbuhings, Even aftor
grooves have boon worn, this limited area of contact makes it
possible to develop very high unit pressuros by the application of
moderate loads. The Toturnals are of SAS 2135 stool and have a
hardness of 84-86 Rockwell B and the bushings are of SAE X1335 stool
and hava a hardness of 20 Rockwell C,

These and subsequent numbers in parentheses refer to references

at end of report,
u m~~- . .- 2-



Tio test is performed by "running-in" at a jaw load of
500 lbs. for 3 minutes, then increasing the load by 250 lb.
increments and running for 1 minute at each increment. One
criterion of performance was the condition of the test parts 'A
after running to 2750 lbs. jaw load. Another was the magni-
tude of the initial jaw load which, after a 1 minute run, caused
sufficient woar tc requiro 10 notches on the loading wheel to
restore that load* This is indicative of weex on the test parts.
A more doetsiled description of tho test with specific data are
available on previous reports. (2), (3), (4)

The data obtained in the Falox Test could be classified
properly only if a particular batch of test parts wore used and
technique and operator were kopt constant for each series of
comparisons. This is not the ideal state of affairs but never-
theloss it does provide a laboratory tool for prellminary evalua-
tion of drawing lubricants. Needless to say, interpretation of
data obtained in a laboratory test of the sort must be mrAde with
caution and perspective.

The data obtainod by moans of tho Falox Test on dozens
of commercial formulations Oividod those into sovoral groups in
relation to compositions Certain of the compounds containing in-
soluble fallers such as lithopono or chalk plus a sulfurizod
additive gave the best results. Compounds containing sulfurizod
additives without filler wero next. Cortain compounds contain-
ing fillers without Sulfurizod cdditivos gave poorer results,
although bettor than other filler bearing compound4 or non-filler
and non-sulfur boaring compounds* The Falox Test appeared to be
somewhat more sensitivo to the presence of rulfur and loss sensi-
tive to the prosonco of good fillers than shop test data* Th ?2)
spocif+lcdata have boon presented in previous reports R-290,
R-260,(3) and R-2 ,__ There is presented in Tables I and II ___

the general correlation between some results obtained with the
Falox Test and some shop test results in the first draw of cal..30
stool cases(5), The shop test data agree only fairly well in a
specific sense but in a more general sense the above mentioned
relationship among the various types of compounds that was found
in the Falox Test was also found in the shop tests. This ro-
lationshIip among the lubricants also was borne out by many isolated 0,
results obtained in tUe artillery case program and other stool
drawing operations and is also in accord with the general theory
of lubrication discussed in the appendix, It may also be mentioned
that two instances were obtained (Table II) in which the first sample
of a compound gave good Falex and shop test results, whereas the
second was poor in both tests. This gives an indication of one
important usage to which this test can be put, namely, easy control
of lubricant composition.

-3-
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C, Devolopmont of Special Dnulsion Lubricants

In performing those tests and considering the roports

from the various contractors using emulsion typos of compounds, it

seemed evident that the greatest difficulties that wore belrg exrienced
wore duo to lack of proper appreciation of the role of sulfur in

those stool drawing lubricnts, to sedimentation of the largo

quantities of filler present in those compounds, and to the high

percentage of fatty matter required to maintain the high viscosity

necessary to retard sedimentations A'

In line with the first difficulty, it was observed that

there was variation of the sulfur content of one brand thut was -

used over a long period of time such difforen compositions were

found under the same brand name. The manufacturer reported that ->
no sulfur was added but that degras* was used in its manufacturo FS

On thatbasis, two samples of commercial dogras wore obtained and

wore found to contain considerable, although widely varying, per-

contagos of sulfur in highly reactive form. Investigation dis-

closed that the source of this sulfur is the sulfur and lime dip .
given sheep to remove ticks, However, nicotine is also frequently

used for this purpose, and degras obtained from sheep subjected
to this latter treatment would be free of sulfur, It is quite

likely that this cond-ition is responsible for some of the con-

fusion on this subject since dogras is commonly used in com-

pounding drawing lubricants,

On the basis of the above, a laboratory program was

initiated in an attempt to correct thoL difficulties and to

obtain a better insight into the problem, In this program the

Falox Test wus used, and the final conclusions were checkod by
shop tests at a pilot plant line, in which it was possible to
keep the variables under somewhat better control than in pro-
duotion.

The effect of sulfur in sheep wool was first confirmed( 6 ) 4"

sino emulsions containing the crude dogras gave g'od results
while those made up with the highly refined sheep wool fat

(Lanolin gave poor results (Table IV). Another imlxrtant con-
o'luior(N) was that it was not necessary to have any fatty matter
present, since bho mere addition of appropriate sulfurizod addi-
tivo to a soap dispersion yielded results as good as those obtained

with the fat present. It may be observed that while soap solution
was ineffective, soap solution containing 0.5% of a sulfurized
additive was just as good as a commercial compound containing

degras and chalk and lithopone filler. This conclusion was confirmed -7

dogras (A-morican) is the material removed from the wool of sheep
by moans of scouring with an alkaline soap and recovered by
acidification to decompose the soap and emulsion, -



b7 considerable shop test data (Table III, Soc. A). The ad-
vantages of a lubricant of the former composition are manifold,
some of these being low cost and case of manufacture, use, and
removal combined with good performanco

An important result of this investigation was the in-
formation that the particle size of the filler uso.1 in drawing
compounds was highly important in determining the amoV nt of
fillor that must be used to obtain good porformanco(7 )0 Since
the excess filler that is not actually contributing to lubrica-
tion is the mttjor cause of the difficultios oncountorod with this
typc of lubricant, this is highly significant,

Exporimentally, it was determined that as tho sizo of "
the particles decreases, the quantity of filler requirod to give
a good result in the Falex Test became smaller. In the range
of particle sizes of whiting (chalk) of less than 1,5 microns
diameter, approximately 3% of chalk gave good results (Table V)".-
whereas 12% or more was required with courser samples. This -ws
coafirmod by some shop test data (Tablo III, Soc. 0). On this
basis, it appears that in commercial lubricants the large
quantities of filler are used solely to provide the smaller
particles present to a minor extent in commercial fillers. The
bulk of the filler sediments and is out of the sphere of action
and at the same timo results in the sevoral difficulties montionod
previously.

Becauso of the small size of the particles in the above
ubrioant their rate of sodimontation is low and the amount of fat

necessary to keep thon in suspension is greatly reduced# In
addition it is easier to remove the lubricant because there ts
loss fat and filler present,

The combination of sulfurizod additive and appropriato
sized fillor is indicated by the Falex Test to be superior to
either alon.o In this case, it is not desirablo mieroly to
muspand tho riller in soap but rather to increase the viscosity of
the disporsion Somewhat by the addition of fatty matter and then
to add the sulfurizod additive. A dispersion containing 4% soap, 
12% tallow, 3-4% of finoly divided filler and 0,5% or a reactive
sulfurizod fatty base containing 12-20% sulfur has yielded promis-
Ing results. The commercial filler used in those experiments was
called Snowdovn Brand Whiting from the Wagnor Coo of Phila.

An advantage of these emulsion lubricants over drir4d
deposits is that they can be used as the fluid in hydraulic
strippers without special design and result in easier stripping
with mechanical strippers.

-5-



Before leaving the subject of emulsion lubricants
containing fillor, it would bc well briefly to discuss the fillers
used commercially In isolating tho filler from one commercial
lubricont it was obsorved that a considerable amount of coarsor
material was prosent which was found to bo Si02(sand) in abrasive
form. A number of propriotary lubricants were tested for abra-
sivesl lica and surprisingly high porcoitagos wore found in many
casos1' 1  This abrasive material could be derived from disin-
togration of the balls in ball mills or from the use of impure
natural minorals. At any rate, the lubricants containing abrasive
silica did not appear to be worsc than those low in this constituent
and it is probablo that those particles settled faster and wore not
in the effective sphere of action. A commercial source of thoe small
partiolo sized filler, found effective at low concentrations(7J, was
also Iound to have a small amount of insoluble silica, apparently
without harmful effect.

Although the filler and sulfur-bearing lubricants were
considerably bettor than lubricants without these constituents, it
was found that in most cases there was required for adequate pro-
duction some lubricant adjuncts, such as carbide dies and surfaco
protroatmonts, which woro given incroasu consideration as a
result of the steel cartridge caso program#

III, GARBIDE DIE

One of the major contributions in preventing lubrication
difficulties in stool case Irawing was the wide-sproad introduction
of' tungsten carbide dies. The lubricating action of those dies has
bon discussed in Appondix I, Somo idoa of the difforonce in
magnitude of tool lifo with stool and carbide dies may be obtained
fror examination of Table III; the improvomont is approximately
ton fold. It may also be noted that the relative differences

among lubricants wore similar for stool and carbide dios. The
big difficulties with carbide dios wore breakage, expense, and
re-processing. While the dies supplied early in the steel case
program wore rather brittle and frequently cracked in operation,
the manufacturers wore sucossful in overcoming this difficulty
to a considerablo extent in the later phases of the program,
However, there were recurring instances of failures that wore
apparently duo to flaws in the dies which resulted in the forms-tion of small pits in the bearing surface. One tool man aptly

summed up this situation by stating, "My dies either last loss
than an hour or many woks." Anothr disadvantage of carbide
dies is that mechanical failures, as may be duo to improper index.
Aig of tho punch and die, are more expensive than with stool dies

-6-%
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A discussion of tool selection as a lubricant adjunct vould
not be adequate without a treatment of the effect of tool surfaces.
Early in the experimental work conducted at the .rsenal oxporimontal
shop, it was observod that an increaso in tool lifo of the order of
400% was obtained when stool dies were polished with a "load lap"
and fino abrasive, which Ravo a fa better finish than the method
that was us9g previously involving successively finer grades of
emiory paper'-" Commercial practice in the artillory cose program
diroctod a groat deal of attention to the preparation of surfaces,
especially of punches@ Highly polished or suporfinishod punches
wore used with or without chromium plate. It is also quito possible
that part of the good performance of carbide dies is duo to the great
care with which those dies are finished to give a good surface.

IV# SURFACE PRTREAMRS

Another important contribution of the stool cartridge case
program, so far as lubrication is concerned, was the omphsis on
surface pretroatmonts oi, the surfaces of the metal to be worked,
These developments wore not particularly now, Most of them wore
developed by the wiio drawing industry, and some were developed
for the drawing of soamlosu tubing. The pretroatments and doposi-
tion of solids that were import-nt on the stool case program were
as follows.

(a) Etching by pickling solutions

(b) Rough rolling

(c) Copper plating

(d) Lead Coating

(o) Sulfide Coating

(f) Phosphate Coating

(g) Rust Coating

Those techniques have boon discussed in more general perspective
in the second appendix but will now be discussed in greater detail
as applied to steel case drawing, Before discussing those pro-
treatments, a method for testing those will be described,

A. Use of a Low Speed Drawing Test

Attempts were made to utilize a low speed draw test in
which the fourth draw of the cal,.30 case was performed in a
tensile testing machinc at the rate of 3 inchos/minute (91 This ,y
test had yieldaed important information in brass drawing, but in

-7-,
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drawing steel the forces required wore the same when either un-
modified (mulsions or emulsions containing sulfur and filler
additives were used& Carbide and steel dies also gave equal
results in this tests Since those coDclusions are frequently
contrary to shop test data, this test is not completely valid
in this application. However, it did give some valuable informa-
tion on the frictional characteristics of various surface treat-
ments which will be discussed,

B. Etching by Acid

Early in the program it was observed that smooth-rolled
discs caused difficulty in cupping. This was espooially true in
drawing in those cases in which intermediate anneals were omittod.
Those difficulties wore decreased when the surfaces wore etched by
treatment with acid. It was considered that these difficulties
wore due to inability of the lubricant to cling to a smooth surface.
It is also concoivablo, however, that the immediate surface was in
the form of a layer which is hard and brittle. This sirface layer
would be readily removed by acid treatment because of the greater
chemical reactivity of this material, At any rate, etching of
case pieces between drawing operations was widely practiced in
the steel case program to considerable advantage.

C. Rough rolling

It was found that for small arms cases, rough rolling
could be substituted for ths etching process in the cupping of
discs. This was finally used in stool case manufacture as a
method of preparation oil the discs or strips that were to be
,rooossnd into cups.

D. Copper plating

Rather early in the stool case program a very definite
lubrication advantage was obtained in drawing small arms cases
by electroplating approxinatoly 0.002" of copper on the stool
discs, This deposit was thick enough so that the copper remained
om tho surface through several draws end there was no necessity
for etching in those cases. This technique had boon employed in
wire drawing and at least one instance had been reported in which
light gauge metal strip for shaping operations is being elotro-
plated right fromi the rolling mill line.

It was considered, however, that in the event that the
-steel case supplanted the brass case on a major scale, the
electrolytic equipment required would be prohibitive.

.'0



Consequently, another technique was borrowed from the
wire drawing industry. Thoro had boon dovoloped a coppor dis-
placement bath that gave a bright, adherent, oxtromoly thin copper
deposit. This Vt.lizod a patented proprietary formulation called
Cuprodino SaltsO . lathough the deposit formod was very thin,
it novertholoss was largo in comparison with intor-molecular
distances. Thorofore, this doposit was very effective although it
had to bo replaced between operations sinco the coppor coating
was usually broken near the base of the case. This technique was
almost universally adopted for small arms casos(ll). It was used
for avory short period of time by one contractor on artillery
cases, with reportedly promising results, but its use was pro-
hibitod by directive shortly afterwards. The only reason ascer-
tained for this directivo was that the process used coppor salts
which wore critical at that time. However, this argument does not
appear to be very strong on the basis of the small anount of copper
required (Cuprodino salts contain 28% copper). The bath is used
at a concentration of 3-5% salts in 3% sulfuric acid. This tochniquo
appears promising and is considorod desirable as a surface pro-
treatment. It may be seen from the data in Table VIII that this
treatment results in reduced draw forces, particularly with emulsion
lubricants. In addition, it was found that in shop tests on cal..30
and cal..50 stool cases there was a sharp increase in tool lifo for
cuprodinod piecos as comparod with non-cuprodinod pieces with both
stool and carbide lios; this increase was greatest under conditions
in vich circulated emulsion lubricants were employed.

Be Load Coating

One manufacturer(12)utilizod a load coating of .001" -
.002" thilknoss obtained by dipping the case piecos into a flux,
then into a molten load bath containing about 7% tin, and finally
into a chamber whore the excess lead was removed by centrifugal
force, -This was applied at alternate drawing oporations. This
has yielded very good drawing performance when used in conjunction
with non-pigmonted, non-silfurizod emulsions and carbide dies.
'This company had previously boon using such load coatings for
corrosion resistance and consequently had the required experience,
Thore'.aro some disadvantagos to the system, such as the burning-out
of lod-pots, poisonous nature of the load, necessity for skimming
the lad pot and scraping the centrifugal chamber, use of critical
tie-otc.' In addition, when 90 mm discs coated with load wore
cupped at Frankford Arsenal the load was extruded off and was
inoffoctivo, indicating the necessit7 for s.) ecial experience with
this typo of coatings __

Both the copper ead load provide dissimilar metal to the
two stool surfaces so that the tendency for welding is reduced.
Being ductile metals, the force required for deformation is not
as groat with these deposits aj with coatings like sulfide
(Table VIII)•

-9-



It was also reported by one contractor making artillery

stool cases that good performance was obtained by using a 0.00051
eloctrodoposit of silver on the disc. This deposit survived all

of the drawing operations and provided a fair measure of corrosion

resistance as well. The high cost of the silvor was more than

balanced by reduction in pickling and cleaning operations between

draws.

F, Sulfide Coating

Quite early in the steel case program a sulfurized tallow

containing small amounts of water was used in the drawing of 105 mm

cases. This mothod(13 ) was adopted from the plants drawing seam-

loss stool tubing. Tho work was immersed in the molten lubricant

until a black deposit was formed on the surface and the excess

drained off to leave a thin film of tallow, The work wns then
drawn, usually in the absence of applied coolant. 'This lubricant

had a most disagreeable odor and some difficulty was met in attempt-

ing to heat the oil and water mixture without bumping or spurting.
In addition the water had to be replaced periodically.

Several of the manufacturers tested this method and

discarded it mainly because of tho disagraeablo odor and mossy
appoaranco.

One of the most successful contractors modified this

method to use a sulfurizod soluble oil to supply the sulfide

(or partially oxidized sulfide) coating and circulated a coolant

of similar composition at the press(12). While this product had

a loss offensive odor than the sulfurized tallow and water, it

was still very mossy and disagroeable. In addition, the heat

generated during drawing is greater because of the higher rosist-
anco towards deformation of sulfide deposits, (Tsble VIII).

G. Phosphatn Coaings

A small amount of experience was accumulated with phosphate

coatings, particularly by the Bondorite procoss( 1 4 ). This process
did not attain widespread use in this country although one manu-
facturor reported good results for this when used in conjunction

with a circulated filler boaring lubricant (Tablo VI). The greatest

disadvantage ascribed to this system by the contractor was that the

filler settled out, This, however, may be reduced by the use of

the special fillor-boaring labricant doscribod earl'ier in this

report#

This phosphate coating followed by a prolonged (45 min.)

soak in dilute soap solution was widely used by Fronch plants

manufaituring steel cases for the Gormans. Good pnrformance has

been report6d for this procedured

-10-
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Ho Rust Coatings

The use of rust as a drawing lubricant dates back several.
centuries to the early days of development of the wire drawing art, V4
The procedure developed in drawing stool wire had an influence on
lubrication in stool case drawing so that it may be well to digress .\
for a while and gilro some specific information on this.

In the dry process (15) (16) of wire drawing the coils of'
wire are usually pickled and inadequately rinsed. They are then .
stored until the desirod film of rust or hydrated oxide called the
"sull" is formod. Aftor this point it is placed in milk of lime
to prevent further oxidation and baked at about 1000C, to drivo
off occlud!ed hydrogen. The wire or rod is then immorsed in either

a fatty matorial, powdorod soap or other plastic material before
it enters the dio. Usually the wire is passed through several dies
before being annealed and rolubricated. Powderod soap is the
lubricant most frequently used with the sull and lime coating. A
groat disadvantage of the lime coating is that it accumulates at
the throat of the die; it is this factor which precludes its use
in stool case drawing.

A "sull" coating on stool cases was used by several
contractors in conjunction with circulated pigmented lubricants
but the reports on its performance were not as promising as with
some other lubricants (Table VI). This my have boon duo to
improper deposits since rust coatings are somewhat more difficult
to control.

V. LOW hMTING SOLID LUBRICANTS (DRIED DEPOSITS)

Ali Dried Soap Coatings C.~*

1. General

Solid soap deposits have boon used as lubricants in
stool wire drawing for a. long time. Ilthough powdered soap is
used for the first draft (draw), this is converte, into a
continuous coating during this airaft and is then used for one or
more additional drafts. In addition, drio fat or wax and soap _

amulsions wore used in wire drawing and the drawing of stool auto

parts. The Bridgeport Brass Co. successfully utilized dried soap
as the solo lubricant in brass cartridge case drawing. However,
it remained for the stool cartridge case program to accentuate
and omphaoiz9 this method. The pioneers in this were the Norris
Stomping Co.(17), which utilized an unmodifiol soda tallow soap,
and the Corcoran Brown Co.(1 8 ) which used a soap containing a
major proportion of borax and water with only about 25% soap.
This dried coating technique was widely adopted by artillery stool
case manufacturers and is oi'o of the most promising lubrication ,-.

techniques for cartridge case drawing. As such it deserves a
rather complete discussion in this report.

- --
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It may be pointed out that in almost all cases the
application of dried soap deposits followed pickling operations.
This resulted in more or less rusting. There is reason to suspect
that those light rust films play an important role in this lubri-
cation technique since several unconfirmed reports have been

received indicating worse results when rust is absent. On the
other hand, the Norris Stamping Co. reports that when rusting is

excessive the pioce t must be ropickled to obtain good performance*

It appears that the physical form of the deposit
rathur than the chemical composition is the factor governing the
porformance of dried doposits. Thus, some experimental results
wore obtained in drawing cal..30 steel cases with dried deposits
from a concentrated soap solution and frcm an equally concentrated
emulsion containing fat, sulfurizod fatty oil and chalk filler in
addition to the soap. The emulsion resulted in a deposit that
was soft and somewhat tacky whereas the soap deposit from a soda
tallow soap was considerably harder. The shop test data (Table X)
showed that the deposit obtained from the emulsion was considorably
inforior to that from unmodified soap, even though the additional
weld preventives woro present.

2. Application

The general method of application of the dried soap

coatings was as follows: The soap was dissolved in hot water to
the extent of from 12 oz./gal. to 22 oz./gal. The actual con-
contration was usually selected such that under the conditions of
application the coating was not visibly perceptible but could
be dotestod as a small deposit upon running a fingernail along a
distance of approximately 2 inches. The soap is maintained at
different temperatures for different moans ot application. SomeN

* examples of these that wore successfully used in the stool case
program are as follows:

(a) Dipping Method. The work is raeked so tbdt
cases do not touch-at the sides and then immersed in the soap
solution (12 to 22 .oze/gal) maintained at 1809-210* The work
is allowod .to remain in the hot solution for 3-5 minutes in order
that It,may become hot and cause the water to evaporatu more
rapidly upon being withdrawn. The racked case pieces are with-
drawn and allowed to drain to prevent the formation of pockets
of lubricant on the inside and to allow evaporation of the water.

(b) Flow Mobhod. The ase pieces are placed on a
conveyor system and brought into the chamber of a machine in which
soap solution (about 20 oe./gal.) is pumped into the inside and
flowo over the outside of the draw piece. The soap solution is
maintained at 160-1800F.

-12-
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(c) Spray Method. The case pieces aro sprayedI: with soap solution (16-18 oz./gal.) maintained at about 1O°F..

(d) Rumbler Method. This mothol has boon used
in the case of small arms cases for coating with oil and soap
emulsions rather than soap solutions. The rubbing of the case
pieces against one anothor tends to romovo the deposit, but this
has boon used successfully, mnlv'v because the coating required
for good performance is very thin.

:Aftor being coated with soap by the above
methods it is nocossary to remove the water as complotely as
possible. Tho success of the driod soap method doponds to a
largo extent on the dryness of tho deposit. In tho case of the

dipping method, the heat of the case pieces themselves is relied
upon to remove the water. This has boon successfully dono
commercially but allows loss control than baking methods. In
the flowing and spraying methods the conveyor carrios the case
pieces into a chamber through which hot air at about 3000F. is
being circulated. The time for this trotiont is adjusted to
yield a dry deposit.

3. Concentration.

It may be observed that there is considerable
variation in the concentrations used by various contractors.
Some of the contractors had obtained good performance from films
so thin as to be barely perceptible even on repeatedly running a
fingernail over the surface. This was also found to be the case
in some experiments on cal..30 stool cases at the pilot plant sot
up at this Arsenal. While extremely thin films are preferable on
the basis that loss matorial accumulates at the throat of thc die,
this condition sometimes makes it difficult to determine whether
any coating is present. Hence it is desirable to have a sufficient
thickness as to be discornablo upon running a fingernail along the
case. Some low speed drawing test data for various soap concentra-
tions are given in Table EC.

4. Excessive Lubricant on the Inside of Cases.

In some experiments on the use of dried soap as tho
lubricant in drawing brass cases, it was observed that case pieces
fractured when an excess of soap, ospocially that which was in-
completely dried, was present on the inside of the case piece* In
some of those cases pieces in which fracture did not occur, there
was a sharp rise in drawing tonnagos. This same effect has boon --
reported by Swift (20)for stool discs. It is quite probable that
this can occur with stool case pieces in the event that an excess

-13- V-
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of liquid lubricant is present on the inside of the ease piece
One possible source of this condition is tho use of a water-base

lubricant, in hydraulic strippers in such a way that some liquid
clinging to the punch is introduced into the next caao piece;
another cause is improper drainage of the case piecos.

5. Type of soap,

Thert wee two general types of soaps used in this
program vizi unmodified tallow soda soap and built-up soaps con-
taining largo quantities of alkaline salts. Some proprietary
formulations of the latter typo were Gilron 1033, F. a. Sales
638, Chandler 91. The first of those, paricularly, was widely
used and contained about 50% borax, as did also the Chandler 91
(A0% borax). The Ft 3. Sales 638 coutained a mixture of alkaline
salts including sodium motasilicato (12,.

Some experimontal work on cal.,30 cases at an Arsenal
pilot plant set-up indicated that there is no difference in per-
formanco between those soaps and unmodified tallow soda soap*
Ucollont results have also been obtained by some of the most
successful contractors with unmodified tallow soap, The claim
has boon mado ror the built-up soaps that they dry more readily
than unodified soaps. While the salts in those soaps crystallize
readily giving this impression of quicker setting, it is con-
sidorod that the rate of evaporation is the same in each case.
The disadvantages of the built-up soaps are;

as The proprietary formulations are overpriced

be Larger quantities of soap are required for a
particular film thickness.

o. The coating is more brittle and apt to be
chipped offs

do Soeo of the alkaline salts tend to absorb
moisture which is extremely detrimental to this type of lubricationb

6. Forming.

A major problem in using hot soap solutions has booL
excessive foaming. This has boon especially true in cases in
which live s;toam has boon used as a source of heat, as is in-
evitable in many plants, Norris Stamping Co. reports that ox-
cOssive, foaming can be kept under control by preventing the
tomporature from dropping below 1600F. Other contractors used
various anti-foaming agents. The use of kerosene ws reported at
one plant, The use of small amounts of potroleum solvents such
as Varsol has boon found to be effective at Frankford Arsenal
in controlling the foaming of 1/2 to 2% soap dispersions.

-14-



7. Powdering,

The powdering of tho soap on cases during handling
was a problem. One plant solved this by instalhing exhaust

,4 vents et tho presses; another supplied personnel with protective
ma-ka. One of the plants that circulatod oil as a collant did
not have this difficulty.

8. Stripping of COn.so Pieces.

In removing the case pieces from the punch in the
lutor drawvs somo difficulties wore experienced with mechanical
strippers when using dried soap deposits. This is one dis:Ld-vantage of this type of' lubrication, since the lubricant itself
camot be used ,as the fluid in hydraulic strippars, Theo majoraspects of this difficulty were settled by using aIh emulsion
lubricant only as , hydraulic fluid. Since an excess of liquid
on the incido of cases c;n cause trouble, as montioned above,
care must be exorcised to keep this to a miniawa --nd some ingonous
devices have boon made to avoid this.

~~9# Coolant.,

In the early part of the prograu some contractors
used a low viscosity oil* as a coolant. This served, in addition,
to keep the powdering of the soap to a minimums howevor, the
larger number uf contractors did not use a coolant and no diffi-
culLos wer i roported in this respect, except a bigher temperature
level of the tools. -

Be Wax Coatings,

The good performance of low molting, solid coatings is byno moans confined to dried soap deposits. The low speed drawing
test results for several waxos wore found to be the same or better
than those for dried soap (Table VIII). Williams (19) has pointed
out that the application of certain wax deposits causes large
dQcroasos tn the back pull of a wire drawing machine.

Those results have been confirmed by the production testresults obtained by two contractors to the Navy Department with
wax emulsions (13) that were dried on the cases. The production
figures in those cases compared favorably with dried soap deposits,
Good porforzaanco has also been obtained at Frankford krsonal with
doposits from wax emulsions.

The perticular .,sx that has achieved considerable popular-ity in this application is Plastool 268, This is a 10% wax emulsion
in water and is diluted with 1/2 to 1 part of wnter,
*For some time a light mineral oil containing 5% lard oil was used,
Soma experiments in drawing cal,.30 stool cases in the pilot plant
set-up at this Arsaaal indicated that an unmodified petroleum oil
of viscosity of 100 sec/lOOoF. S.U.V. was equally satisfactory.
Since the former oil cost 85 cents/gal and the latter 17 cents/gal,

Mthis is a factor to be considorod.
-15-



On the basis of the above, it is quite probable that a
good many low melting, plastic, solld coatings are as suitable as
dried soap. Some of those may be preferable to soap in componsat-
ing for the tendency for some soaps to absorb moisture on storage
in moist atmospheres (which destroys its effectiveness) and in
providing some temporary corrosion resistance botwon operations.

VI, TAMING LbBRICANTS

At various stages of the stool case program difficulties
were experienced in tapering the cases. One of the most important
factors so far as lubrication is concorned was application of the
proper amount of lubricant since, in these operations, excessive
lubricant resulted in bubbles or folds while insufficient lubri-
cation resulted in die build-up and scoring. Some contractors
using dried soap in drawing wore quite successful in utilizing the
residual soap film plus a very thin film of light or medium minoral
oil or fatty-mineral oil. Other contractors utilized undiluted
paste typo compound smeared to give a light film. Still others
wore successful in using thin films of lard oil or sulfurizod oils.
As in drawing, the introdoction of carbide dies resulted in con-
siderablo decrease of lubrication difficulties in comparison with
stool dies in tapering operations.

Ve RZOOMU W ATIONS

I' The following lubrication methods, on which specific data
are available in this report, seem most capable of supplyingadequate 3ubrication in stool drawing under most conditions:

1. Dried soap or wax deposits, preferably over a very thin
rust or immersion flash copper donosit.

2. Mnulsion lubricants containing m~dorato amounts or ro-
active sulfur and filler (preferably of very small particle size)
used in conjunction with a surface protroatment to yield a thin
film of immersion flash copper, lead coating, rust coating, sulfide
coating, or phosphate coating.

3, Carbide dies of appropriate composition and quality and
smooth, preferably chrome-plated, punches used in conjunction with
either of the above.

-16-
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TABLE I

Correlation Between Some Falox Test Data and Some Controllod
Shop Test Data Obtained in the First Draw of Cal..30 Stool

Caso with Stoel Dies -.

Falox Test Results
Ranking in Transition Point#

Lubricant Shop Test Composition A B C

Alco DAIO Spoc. 1 Filler+Sulfur** -* _ -

illo LAi0 2 Fillor+Sulfur 2830* 3000 2830
Houghtodraw 160 1 Fillor+Sulfur -* - - .

Sholldraw S-1 3 Filler+Sulfur 2750 3000 2750
Richards FS + Sulf. Base V 3 Fillor+Sulfur 2830 3000 2750
Gilron 155 3 Fillor+Sulfur*** 2830 3000 2750
Ironsidos AF-ll 2 Filler 2375 2830 1560
Richards S Spec. 4 Sulfur**** 2250 1750 1750
Richards S Sulf. Baso + V - Sulfur 2670 3000 2420
Stoolskin GB-I 5 No. E.P. *4d. 1750 1250 1500

*In another series of tosts thoso throo gave oqual Falox results which

wore bottor than thoso obtainod with Gilron 155 or Richards FS.

** Filler of smaller particlo size than Alco DA1O.

* Sulfur content a haphazard constituont of tho dogras contont.

* Very low concontration of sulfur.

# See Table IV
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TABLE II

Somo Roprosontativo Shop Tost Data Obtainod in tho First Draw of Cal..3 0

Stool Casos Using Cuprodinod Piocos and "Load-LappotIl" Graph-Tung Stool Dios

Dio Lifo
Tools Tvols Tools'

Lubricant _A ___ C

Gilron 155 8,549 40735 11,360
8o415
7,8%,*

Ironsidos AFll 15,378 9,141
11,121

A1co DA 10 23,298 7,590 -

7,029

Alco DA 10 Spocial 10,858 13,984

Houghtoreaw 160 10,294 -

13,850

Stoolskin 72 Batch I* 12,870
Batch II** 4,340

*High Fam Test Values
** Low Falox Tost Values

*14
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TABLE IV

P3FORNCE OF 2&SIONS WITH AND WITHO0IT ADDITIVE MN THE FA= TMT

Soda soap used as emulsifying agont. "ach composition diluted 13 with
wator boforo usage,

Transition Point* Conditions of
Composition A B C Test Parts

i. 8% soap 25% tallow a) 2250 1750 1750 Poor
b) 2500 1750 1750 Poor

2, 8% soap 25% dogras a) 2750 2750 2750 Good**
Samplo I b) 2750 2750 2750 Good**

c) 2750 2750 2500 Good**
d) 3000 2750 2000 Good**

Sample II o) 2750 3000 3000 Good**
f) 3000 3000 3000 Good**

3, 8% soap 25% lanolin a) 2000 1500 1500 Vory poor
b) 2000 2250 1750 Very poor

4. 8% soap 25% lanolin a) 2750 2750 2500 Good**
plus 2.5% Quakordraw b) 3000 1500 2000 Fair**
45 2750

5, 8% soap 25% lanolin a) 2750 2750 2000 Fair***
plus 2,5% sulfurizod b) 3000 2500 2000 Fair***

lard oil

6. 8% soap 25% tallow a) 3000 2750 2250 Good***
plug 2.5 Quraw b) 2750 2750 2750 very good***

45 o) 3000 2750 2750 Very good***

7# 8% soap plus 2,5% a) 3000 2750 2750 Very good***
Quakordraw 45 b) 270 2750 2750 Very good* *

* Transition points determined as follows:
A, Taw load at point at which after 1 minute. wear occurs to such

an extent that 10 or more tooth on the loading wheel are necessary to
tfie up the additional clearance betwoon journal and boaring and restore
the jaw load to its Initial valuo,

B. Taw load at which a drop in torque reading occurs, during the 1
minute run, of 2 lb. inches or mro.

C. Taw load at which the slope of tho jaw load vs. torque curve
suddenly decreases.

** Test parts blackonod by formation of sulfide.
** Test parts blackoned only within the wear scar.

&!SZ'.4
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TA3LE V

Effect of Particle Size Qf Whiting Filler on Falex Tost Results

Condition of Tost Parts
Aftor Run to 2750# Load

Lubricant containing I II

l, No filler Very poor Very poor
2. 12% unseparatod filler Poor - -
3. 12% Fraction III Fair - -

4. 6% Fraction I Poor Poor
5. ' It II Poor Poor
6. it It III Fair
7. " " V Fair Fair-Poor
8. , V Co Fair-Good
9. 4% " V Good Good

10. 3% " V Good Fair-Good
11. 2% " V Fair Fair
12. 2% , VI Fair Fair

Fair-good Good

Notos Particlo sizo of filler dooroasoas as fraction numbor incroasos.
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TS'BL VII

Available Information Concorning Lubricants Mentioned
in Tablos VI and VIA

Lubricant Inf ornat ion

Gilron 1033 A built-up soap containing about 50% borax,
25% watcr and 15% soap.

Gilron 1038 oil A 5% lard oil - 95% mineral oil blend.

Montgonory 8-5 A sulfurizod tallow containing a small
amount of wator.

Wadhamrs VI'D-269 A material similar to Montgomery S-5 except
that it is sulfurizo'4 soluble oil.

Richards SB A soap and fat omulsion containing a reactive

sulfurizod fatty oil.

Richards Base V A "noncorrosive" sulfurizod fatty oil base.

Sturaeo Sulfo-chlorinatod fatty oil base.

Richards Lubro #19 A soap (15%) and mineral oil (35%) emulsion
containing about 5% free fatty acid and little
or no fat or fatty oil.

Zophyroid Compound A potassium soap (65%) containing about 35%
water and 0.3% free fatty acid.

Richards Vastoloin is potassium and sodium soap (25%) paste
containing about 75% water and 0.3% free
fatty acid.

Shell 2151V A pi~pented (chalk 40%) compouni containing

35% soap, fat and fatty acids of which 10%
is soap and 2% free fatty acid.

Gilroi 155 A pimentod (chalk 15%) caipound with a wool
grease base (0.05% sulfur) containing 10%
soap, 3 free fatty acid and 15VA fat.

wareo 1673 A soluble oil containing 1.5% sulfur as
sulfurizod fatty oil, 2% chlorino and 50%
fatty oil.

Quaker 74 A soluble oil.

Stanicool Sol* oil Soluble oil.

--N .%. 'L' . t' srW~.- M ' ~ WA 4'~



TABLE VII (ContId)

Available Diformation Concorning Lubricanta Montionod
in Tables VI and VIA

Lubricant Information

Geria 27A, Monco Oil Oils used in conjunction with dried
soap coatings and probably roombling
Gilron 1038 in composition.

Macco Prod. Lubricant, Probably emulsions of soap and oil
Lubro #2, 'Int. Rof. Coo Lub., or fat and fatty acids plus water.
Forguason 39A, Chandlor 1170. Conventional type drawing lubricant.

Montgomory 617B Pigientod compound.

FAZ-3 Soap end SulfurIzed additive*

S'P



TABLE VIII

LOW SPMD DRMING TEST DATA FOR VARIOUS SMFICE PRI"REMT=TS

4th Draw Cal. .30 Stool Caso at 3 inchos/.min,

, ubric,, t ist Max. ist Min. 2nd Max. Lubrication

Lubricant Force Force Force Index
lbs. lbs. lbs. lbs,

SMuls ion - 31 (1:2)+ 00eSteel 7060 2800 3100 12,960
2s Emulsion - 31 (1:2) + Cuprodinod 5640 2490 2960 11,090
3. Dried Soap - 12 oz./gal.

Bare Stool 5780 2320 960 11,010
4, Dried Soap 12 oz./gal

Cuprodined 5820 2260 2660 10,740
5. Emulsion- 31 (i:2)+Light

Bonderite 5790 2740 3060 11,590
6* Emulsion 899** (1:8)+Sulfide from

Sulfurized Soluble oil 6620 2830 3400 12,740
7, Similar 6 - Cuprodined prior to

Sul fiding 6690 2870 3430 12,980
8. Similar to 6 - Sulfurizod soluble

oil Dnulsion 6350 2540 3100 11,990
9. Driol wax Emulsion A + Bare Stocl 5560 2330 2630 10,510

10. Dried wax Emulsion B + Baro Stool 5030 2190 2490 9,730

Containing sulfur and finely divided chalk

• * Unmodified fat and soap omulsion

.4; 4
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TABLE 3x

EFFECT OF CONCEAITION OF SOAP USMD FOR DRY COATING ON FORCES
EU!RED TO DRAW COPPER- COATED STM CASE PIECES

4th Draw c1..30 Cases at 3 inches/nain.

Concontration of No. of
tallow soma soap (FXS-405) Pieces Lubrication Index

. 3 cz/gal 10 13,140
2. 5 oz/gal 10 12,340
3. 5 oz/gal 15 10,810
4. 8 cz/gal 15 10,540
5. 11 oz/gal 15 10,790
6. 15 oz/gal 15 10,460

1-2 - Toi Set 20
3-6 - Tool Set 21

I,
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TABLE X

EFFECT OF PHYSICAL FOPI OF DRIM DEPOSITS

Shop tost data in drawing cal-..30 stoel casc piocos with Graph-Tung
Stool dios.

Tool Lifo
3rd Iraw 4th Draw

(Driod deposit from) Tost I Tost II Tost I Test II

1. Soap (12 oz/gal) 11,850 -- 541 626

2. Daulsion lubricant 1,216 5,200 320 302
containing additivos*

* Composition

Soap 12%
Tallow 24%
Vihiting IZ
Sulfurizod additivo 1 1/21
Water 50 1/24S

I
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APPINDIX I

THEORETICAL BACKGROU20 OF DRAWIIG LUERICATION

A. Friction

1. The Nature of Metal Surfaces

Metals are crystalline materials and their surfaces
are similar to the bulk of the metal in many respects and dis-
similar in many others. Depending upon the method of preparation
of the surface, this will consist of many irregularities and
fragmented crystals (Fig. 2). These are of irregular shape in the
case of ordinary machined surfaces while in the case of Suporfinishod
surfaces, which are prepared by ono of the finest grinding toohniquos,
much of the fragmented material is removed and the surface than con-
sists of a series of broad plateaus and shallow valleys 37) (Fig. 3).
In any avant, the surfaces of machined or ground metals are not
exactly plane and consist of a serie of elevations and depressions
of Mcator or lessor magnitude, deponding upon the method of
manufacture,

This being the case, when metal surfaces are pressed
together or are allowed to slide ovor one another, the actual area
of contact between thom is considorably smaller than the apparent
area of contact. Bowdon and Tabor (3)have determined, by means
of conductivity moasuroments, that in the case of li htly loaded
surfacosetho area of actual contact is as small as 1/170,000 of the
apparent areas Whoa the load is incroasod, the peaks on the surface
toad to be plastically deformed and tho area of actual contact is
Increased so that with very heavily loaded surfaces this area may be
as high as 1/30 of the apparent area.

When the machining or grinding process is performed with
tools or abrasives that are dull or glazed (loaded), there is a
tohdonoy for the motal to flow or be smeared over the surface rather
than cut off. When the amount of metal which has boon caused to flow
in ithis manner is small, this has the effect of increasing the area of
contact that may be realized when such metal surfaces are pressed
togthor. On the other hand, whon a considerable amount of metal has
boon deformed in this manner, thoro is a tendency for this metal to
flake off whon subjected to repeated sliding motions under high
pressure. ,Tis is generally detrimental to the applications con-
tomplatod.-i) This surface layer has properties that are consider-
ably different from the bulk of the metal, some of these being
greater hardness, brittleness, and chemical reactivity. It has boon
'roportod that this layer is frequently transparent so that scratches
below this layer are visible*
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2. Sliding Friction

In the caso of the sliding of dry or imperfectly lubricated
surfacos ovor one another, friction has beon found to conform to the
Amontons coulomb law( 5 ).

F =- IP

:,,hore F is the friction, P, the total load, and 'A, a
constant of proportionality, which is commonly called the coefficient
of friction. Friction, under those conditions, has been found to
be independent of the apparent area of contact and the relative
velocity of the surfaces, over a rather wide range of volocities,
but is dependent upon the nature and surface of the metal. The
reason for this lack of a relationship between friction and area
had long been considerod a mystery but is probably explained by the
small area of ac tul contact between sliding metal surfaces as
mentioned above,(4)

At one time it was considored that friction was due to
an intorlocking of the hills and valleys which constitute metalsurfaces# ( 21) but this viow has been superseded by a more modern

and logical concept based on the theory of molocular attractions
(UP 14, 33). According to this concept, when portions of one metal

come into very close proximity with another metal surface, theforce of intar-molecular attraction becomes very large, This
results in wlding of the portions of the metal surfaces that are
in contact to form a homogenoous region having similar properties to
the metal in bulk form. Because of the irregular shape of most
surfaces# this welding can only occur ovor the limited area in
which the elevations are in cntact, unless the surfaces are pressed
together by vary high unit pressures. In the latter case the metal
flows and larger areas make contact and then wold. When welding
takes place only at the elevations, the force required to break
the wolds is not necessarily very largo. When metals are caused to
slide upon one another, in the absence of very efficient lubriOation,
these wolds form and are broken with extreme rapidity. The life of
ono of these welds, under conditions in which metals are caused to
slide ova one another at relatively high speedi hs been estimated
at 10-4 40o*(1, The work of Bowdon and Loben (lOJhas indicated
that, as a consequence of this wolding, rolativo motion of surfaces
eliding over one another takes place by moans of a "stickslip"
process in which motion, is momentarily arrested as each weld is
formed and then proceeds as the weld is broken. This takea place
5o rRPidly that it is not apparent except when highly rofined
methods of measurement are used. As each weld i' brokon, there i
a flash of heat generated which results in extremely high tomporaturo.,
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highly localized at the rubbing surface. In a sories of cxperiments
performed by Bowdon and Rillor (12)in which the sliding metals wore
mrtdo porticns of a thermocouple and tho .M.F. gonoratod was
mcasurod, it was found that tarporaturos of 10000 C. or more wore
genoratcd in the dry sliding of metal surficos at relativol high
speed (1200 am/soc) although thu bulk of thi motal was only a few
degrees above room temperature. WAhile breaking of welds results in
high temperatures, additional welding is facilitated as the temperature
is increased. This may lead to a "vicious circle" resulting in largo
scale welding under appropriate conditions.

In the case in which softer metal is caused to slide over
a harder metal, it has boon found by Bowden, Tabor, and Moore (14)
that the softer metal tends to be torn from its surface and retained
on the surface of the harder metal as woldod fragmonts, and at the
samo time, small portions of the harder mtal are also torn off and
aro carried away with the softer metal (Fig. 4).

Some interosting evidence for this smearing of softer
metals on harder metals has boon obtained by Schnurmann (33) who
found that whilo the smeared motal was not visible to the unaided
eye, it was possible, by an ingonious method of development utiliz-
ing silver salts, to intensify this pattern of smeared metal so
that it becomes visible,

3. TYpos of Friction

The welding botwoer metal surfaces that has just boon
discussed is responsible for the greater part of frictional resistance.
In addition, when lubrication is supplied to reduce welding and the
thickness of the film of lubricant is aparociablo, some frictional
rosistance is duo to the resistance of the molecules of the lubricant -N

themselves as they slide over one another. In the typo of lubrication 7,
in which a thick film of liquid lubricant can be maintained between
metel surfaces so that welding is almost absent, frictional ro.stancef,
is almost completely dependent upon viscosity and upon the velocity !%
gradient in the oil film. In another type of lubrication in which
solid deposits are maintainod between the surfaces, frictional
rosistance is dependent on the force required to cause plastic
deformation of the deposit and friction of this typo is considerably
higher than for liquid lubricants. It is considered that insufficient
attention has boon paid by many authorities in this field, to the
differentiation between those two forms of frictional resistance, and
this is considered to be at least partially responsible for the
confusion that exists in the literature on this subject. In this
report, the frictional resistance will be classified into two typos:
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1. That duo to wolding of portions of tho motal
surfaces, and

2. That due to rosistanco of the molecules of
lubricant tovrd sliding over one another.
This may also be rcforreO to as the force
required for stross-deformation of the
lubricant or lubricant friction,

4. Reduction of Friction

Because of the reactivity of metal surfaces, it is
extremely difficult t, proparo such surfaces frco of contaminants.
and oven chomically clean surfaces have coatings of oxidos of
varying thickness, adsorbed layers of the chemicals usod to cloean

Xthom, and thin films of wator vapor hold tonaciously by physical
or chemical forcos of adsorption (20). Surfaces that aro scmowhat
cleaner than those can be obtainod by moans of abrasion (26).
Thoroforo, the lawj of friction obtained for dr. surfaces have
roally boon devoloped on the basis of surfaces contaminated in
this mannor. The primary purpose of lubrication is to roduco friction
Of tho first typo, i.o to interpose betwoon metal surfaces a film
of matorial ohich provonts the molecules of one surface from coming'
into sufficient contact with the other surface for wolding to occur.
This is true whether advantago is taken of the contaminants normally
present on motal surfacos or matori,ls are applied that are more
commonly referred to as lubricants, When this purpose is complotely
accomplishod, frictional resistance is duo only to tho lubricant
.friction and this typo of lubrication is referred to as fluid,
viscous, or thick film lubrication* On the other hand, it is
froquontly not possiblo to accomplish this purpose completoly t
and whon this is the case, lubrication Is attained by thin films of
thioknoess from 1 to 2,000 moloculos.(16) This typo of lubrication
is. roforrod to as "boundary" or thin film lubrication and some
welding friction is always obtained*

B, Pos of Lubrication

Fluid lubrication takes place whon the film of lubricant
is so thick that tho laws that apply to fluids in bulk are followed*
A minilum film thicknoss for fluid lubrication conditions afs boon
found by several investigators to be in the ordor of 10"4 Om*(l5,26#
36,39). With a film thicknoss of this order of magnitudo, thd
surfaces are separated to an oxtont sufficient to reduce the effect
of intormolocular attration to a negligible quatity, Since no
weldine bakes place, frictionul resistance is dependent mainly upon
the viscosity of the lubricant and is independent of the nature of
the surfaces. It is also dependent upon the rolativo volocitios of
the surfaces and the unit pressures. When the viscosity of a lubricant
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is greater than the minimum required to obtain a film sufficiently
thick so that fluid lubrication is obtained, further incroaso in
viscosity results in excess friction due t, the extra work required
to cause motion writhin the fluid.(24) In order to attain a suificiointly
thick layer of lubricant for fluid lubrication, it is gonerlly
nocossar- to pay considerable attention to design and method of
operation, i.e., cloarinces, oil feed, speed, etc. A large literaturo
has been built up (24, 30) which concerns itself with this phase of
lubrication so far as bearings aro concerned, frequently to the
exclusion or do-emphasis of other phases of the subject.

When true fluid lubzication conditions'are attained, wear

is absent, for example, at illu 7oration has been citod in which
largo turbines oporated under fluid lubrication conditions for more
than 20 years havo shown no appreciable signs of wear. (31) In

addition Go this, the coefficient of friction is at a very low
value sinco no work is reaulrod to broak welds between the metal
surracos. A comparison among the coefficients of friction for
sliding surfaces under conditions of no (applied) lubrication,
boundary lubrication, and fluid lubrication is given in Table Is(37)

When unit pressures are high and spoods are low, so that
most lubricants tend to drain off, and under many other operating
conditions, it is not possible to attain fluid lubrication Undor
those conditions, ltzbrication is of the boundary type, and it is
necessary to depond. upon very thin films of lubricants. Mlor boundary
lubrication conditions, friction conforms to tho Amontons-Coulomb law
for utlubricated surfaces, and lubricants of a different type (see
sootion 0) must be employed in order to obtain any sort of satisfactory

performance

As montionoa before, boundary lubrication conditions are

ospocially likely to prevail when unit pressures are high. The
relationship between applied total pressure and unit pressure is,
of course, alumantary and well-known. Novertholess, in the dosign
and operation of sliding surfaces, this relationship is frequontly

lost sight of, and dies with sharp approaches to the land or ball-
bearings used undor conditions in which ooao sliding occurs are too
frequently found. This should bo borno in min- in the analysis of
lubrication problems since oncasionally bearing surfaces that are
apparently under low unit pressures have high unit pressure areas that

prevent the formation of fluid lubrication conditions.

Cs Boundary or Polar Lubrication

Boundary lubrioation is accomplished by meins of films
that are adsorbod on methyl surfaces by forces that are either physical
(Van der Walts adsorption) or chomical (chomisorption). The former
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typo of acszrption results in films of lubricant which ro hold to
the surface by weak forces of attractiol, and are consequently displacod

with rolativo oase. As such, they aro not efficient under conditions

in which high shearing strossos arc applied. On the other hand,
choaisorbod lubricants are hold to the surface very tonabiously.

Chomiscrption is usually monomolecular and frequently provides

considerable improvement in lubrication. Intormodiate betweon
physical adsorption and chemisorption is another type in which the

bonds botwoon lubricant and metal are stronger thon in the case ofL
tho foreior and weaker than the latter. This is duo to criontation

of polar lubricants and will be discussed later.

In addition to this strong attachment to the metal, there

is required for good lubrication a portion of tho lubricating

molecule that is sufficiently large so that the sliding surfaces

are kept apart to an appreciable extent. This effect has been

found to be most efficiently provided by the use of fatty acids or

similar materials i which the number of carbons in the chain is

greater than 14#(ll) It has boon learned as a result of the

classical researches of Langmuir (27) that fatty n cids orient them-

solves with their active (carboxylic) groups at the surface and

with the long chain of carbons stanwding out upright from the surface.

Although this work was performed on water surfacesi substantial
evidence for the fo mW ion of oriented fatty acids on metals has

also boon obtained. As a consequence of this orientation, the

surfaces are separated by a distanceo equal to twice the length of
the chain of cntrbons when those fatty acids are adsorbe,1. This

reduces the tendency towards welding and, in aldition because of

the lack of attraction of the hydrocarbon portions of the fatty acids

towards one another, there is little re sanco against slippage duo
to molecular cohesion of the lubrican.,132j

The work of Hardy(23) has shows that under boundary
lubrication conditions the coefficient of friction is depondont
upon the molecular weight or the length of the chain of carbons

attached to the activo group and is also dependent upon the ro-

activity of this group. The carboxylic group present in fatty acids

was one of the most effective active groups. While materials consist-

ing of an active group and a long chain of carbons were effective as
lubricants, other materials contininr tho carbon atoms in the form .
of rings wre relatively inoffectiv. ,24 ) It has boon since shoIat1)
that this is probably duo to their orionting themselves with the long
axes of the rings parallol to the surface so that the zmlooulos do

not stand out from the surface to as groat a distance as in the case
of long chains of carbons#
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Vrhile monomolocular fiLas of fatty acids are quite
effective, as is evidenced by a decrease in the coefficient of
friction from L.O to 13 in one series of experiments performed by
Langmuir with glass surfaces, (28) they tend to be worn away quite
rapidly&(ll) It has, however, been found possible to build up
eontrolled thicker layers of fatty acls. This has been done
oxporimontally by an interesting technique devised by Langmuir and
Blodgett (8,.8) in which monomolocular films of fatty acids may be
nicked up from water surfaces, one o top of the other. It was fou.d
,as a result of X-ray measurements (R6) that those layers were build
up in such a manner that tho carboxylic groups and the hydrocarbon
groups wore from different molecules forming doublets. It may thus
be soon that it is possible to nav: layors of lubricant oriented
perpendicular to the surfaces that are considerably thicker than the
chemisorbed mononmolocular film. mentioned aiovo. It is probable that
when a lubricant which is offoctive under boundary lubrication con-
ditions is applied to a netal surface, there are built up layers of
oriented molecules to a considerable thickness. Some investigators
have measured oriented films of polar molecules that were rrom 8500
to 20,000 Angstrom units thi"k, which is equivalent to 400 to 1000
molecules of fatt, acids. (16) In the larger thicknesses, it has been
found that the films wore approaching dimensions auiiicient for fluid
lubrication. However, it is probable that under high unit pressures,
a good manV of these moluculos are displaced. (22)

This orientation of polar moleculos on metal surfaces is
probably duo to the fact that these molecules consist of two separate
portions of opposite electrostatic charge. This results in the
formation of a dipole so that the oriontation may bO likonod to the
alignment of small magnets in a Lagnotic field, When th# polar
molecules are dilutod with a non-poiar material such as mineral oil,
the rate of formation of these oriented films depends upon the con-
contration of the polar molocules, ana at very low concentrations
it may take an houl._Ar more, for an oriented film of appreciable
thickness to form. (2) When mixod polar mo.ecules are used, thxee
is proforential adsorbtion on the metal surace of tno molecules
v4th the more active group if those are present in concentration of
more than 0*7%; undor those conditions tno coofficiont of friction
is almost the same as though the more active lubricant ware prosent
a.lono.( 29)

It has boon found that when the tomporature of metal
surfaces is raised to some 40 or 500. above the melting point
of the fatty acids, a process of disorixitation aDnears to take
place which,rgqults in the disappearance of good bounaary lubrication
properties,( I This effect may be important in view of the fact that
Bowden and Ridlor(1 2 ) have found tanooratures in the order of 60000.
when surfaces wore caused to rub tgainst one anotner at high speed
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even when fairly efficient boundary lubricants were employed. This
disorienting effect has also been observod in some experiments per-
formed by the riter, in which relatively thick films of acid ooaD woro
adsorbed by prolonged immersion in dilute soap dispersions.( 3 5) The
thickness of the film adsorbed as well as lubrication performance
was considerably reduced when the immersion was at 600C. instead of
room temperature. This effect complicates studios of boundary fub-
rication to a great extent since actual temperatures at metal surfaces
undbr most conditions have not been accurately determined. This is
especially true in the case of : etal forming operations such as deep
drawing in which heat is also generated by distortion of the metal,
However, it is probable that surface temperatures are quite high.

It is obvious on the basis of our discussion of metal
surfaces, that under lubricated conditions the rougher the surface the
greater is the opportunity for contact between the high spots or peaks
of the surfaces with consequent welding. The thicker tho fi.m of
boundary lubricant adsorbed, the groauer is the roughness of the
surfaces that can be tolerated without these high spots making contact.
Thus it appears that boundary lubricants ele more effective when the
surface of journal bearings are roughor.( 3) It has been found
generally advantageou0 to keup surface roughness to a minimum in
which case unit pressures are also rQduced because of the greater
area of contact, and the thicknus of boundary lubricant required
for optimum performance is reduced,

It may be mentioned that the classical mechanism of
boundary lubrication, due to separation of the surfaces by adsorbed
films of oriented molecules with slippage taking place at the hydro-
carbon or inort ends of the polar molecules, has been modified by
Boeck and his co-workers.(5) These investigators found that at
relatively high speeds, there was a drop in the coefficient of
friction when polar molecules were used which was ascribed to a
"wedging" effect in which additional quantities of lubricant were
forced in between the layers of oriented molecules to cause greater
separation of the metal surfaces and consoquontly better lubrication*
Howevor, it is probable that this type of effect car occur only under
very special circumstances and that the former concept must still be
applied to most boundary lubrication conditions, These authors also
ascribe the beneficial effects due to boundary lubricants as being
caused by a smoothing of metal surfaces which reduces unit pressures
by increasing the area of contact,

While fatty acids with long chains are very effective
boundary lubricants, they tend to cause corrosion when present iL
sufficiently high concentrations. This, for oxamplo, was a prime
cause of discontinuance of the use of small quantities of fatty acids
in motor car oils (germ Process),(43 ) Consequently, a great deal of
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work has been done to obtain polar lubricants that are not as corrosive
as the ratty acids, and nundruas of such materials nave been Patented(4?),
usually under the designation of "oiliness" agents. It is considered
that the term "oiliness", which is Widely applied to the type of
lubricant6 discussed in this section, is not sufficiently specific and
beuse or its concept forming connotations has led to a great deal of
confusiop in this subject. It is believqa tra' the terms "polar
lubricants" and "boundary" or "polar lubrication" would be more apt
-1- describing the phonomena discussed above and wouia reduce this
confusion. The torm "Boundary Film Strength" has recently been
suggested(42) and this is far more satisfactory cain ",oiliness"
although this term also has popu.Lar connotations tnat arc not exactly
applicable to lubrication of this type.

A~znougl the use of nolar Lubricants results in groat
improvmeents in lubrication under severe operating conditions, when
operating conditions are very sovero, such as in the case where unit
pressures are extremely high and temperatures are high, polar lubri-
cants such as those discussed above are not able to separate the
metal surfaces sufficiently. Under thebo conditions different typos
of lubricants, roferred to as extreme pressure lubricants, must be
eMp.Loyed.

D. Mtreme Prossuro Lubrication

Etrcmo pressure lubricants are materials that are
capable of forming films of chemical compounds upon motal surfaces,(54)
which are stable to high temperatures, These compounds servo to
separate the surfaces so as to rouue the forces of intermolecular
attraction. Those compounds, moroovrr, tire muintainod on the surface
cuito tenaciously, partially becausc they are solid materials and
partially becauso they aru to a considorable extent hold by forces
oquivalent to those involvod in chemical reactions.

The auvelopment of extreme pressure lubricants and the
theory of extreme prossurc lubrication received great impetus in
connection with the dovolopmont of lubricants for hypoid gears for
automotive applications. However, their use is by no means limited
to those applications and is indicated under operating conditions in
which pressures and temperatures are high. Their application to metal
forming operations is, therefore, quito obvious. Although lubricants
of this type were used. in metal-fcoming operations far earlier than
the application of hypoid gears to automobiles, the information
obtainod as a result of this application has enabled a far more
logical approach to met-:l-forming lubrication wich has resulted in
groat improvements in this field.

-9-

N1



Oxygen, present in air, is one of the most common extreme
pressure lubricants although it is not generally considerod as such.
Practically no metal surfaces are used commercially that aro not
covered by at least a thin film of oxide. Under many operating con-
ditions this quantity of oxide is sufficient to prevent welding be-
twoan metal surfaces and, at other times, an oxidation procedure is
resortod to in order to obtain a film of sufficient thickness to resist
the high unit pressures that are encountered*

Of the matori.ll used as extreme pressure lubricants the
most common is sulphur which is applied in the form of sulphurizod
mineral oils, flowers of sulphur, synthetic sulphur eompotunds or
finely divided ("colloidal") elementary sulphur disporsed in some
vehicle. Compounds containing chlorine and phosphorus are also used
quite extensively. Those materials react with metals to form sulphides,
chlorides, and phosphidos, respectively, While sulphur compounds are
expected to form sulphide ccatings, a recent papcz in which X-ray
analytical methods were used indicated that tio action of eluztntary
sulphur plus load naphthonate on iron resulted mainly in tee forma-
tion of lower oxides of iron and only occasionally in the formation
of sulphidos.(34) Nevertholoss, it is considered that sulphides ate
fo od under many other conditions and in the caso of copper, the
action of sulphurized oils has been shown to consist of sulphido
formationo

In the case of sulphurized oils, the reactivity of the
sulphur varies with tna type of oil and the tomporaturo and length
of time during which the oil was treated with sulphur or sulphur
chloride. Fatty oils treated with the sulpnurizing medium zur
relatively long times at relatively high tonperaluros are of r,4n
type called "non-corrosive" for the reason that they do not blacken
polished copper strips kept in contact with the oil at lO00 for
several minutQs. On the other hand, treatment of the fatty oil with
sulfur for a shorter time and at lower temperatures or treatment of
many mineral oils results in sulphurized oils of groazur reactivity*
In the case of chlorine and phosphorus bearing extreme pressure
lubricants, it is quite common to use relatively pura syathatio
compounds, and tuo reactivity is thus dopndont upon the choice of
the molecular structure of the oampouna synthoeized.

Because of the control of reactivity that can be
obtained by suitably vsry.na tro method of preparatioD or b7 sL:5g
wellwdotinod synthetic producta. it is possible to "tailor-m ae N

lubrioants to it the wideLy varying nooas of different metal-feomi
operations.

While relatively think films of stable chomical copounds
are very efriolenz in pr!venting wellngs, vnere is a tendency for
thicker films to flaes off due to the poor ductility of most of
these deposits. If an excess of the extreme pressure lubricant is
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available, the metal surface, wh-hich is exposod _'s - result 'f this
flaking, reacts aLmst im*iodiately to form another pr.etoctivo film.
Ho~ovor, this reoults in a loss of nctal in the forn . thO chemical
compound and is one form of wear as ivill b. discuss. fu.ther in the
section on the w 1r of Metals. Another difficulty th t is experience-!
when rol.-tivoly thick films of those non-ductil) d-posits rxo formed,

- is tha.t high forces are required to deform the non-ductile deposit.
In other words, the f)rcc required Iotr stress deforanvtion -,f the
lubricant or lub:.icant friction is high, This rxi)y frequently be"
reduced by the addition of u suitable polar lubricnnt, but it is
preferable to utilize an outrcao nrossure lubricant in wiich ro-
activity is not too groat coupled with a polar lubricant for best
results under most oljorating conditions. Whcn the tendoncy towardI olding is cxbremoly great, hTv;evcr, the most reactive typos must be
used but tha other disadvantages will also bc obtained.

Whil th3 more crmnonly accepted viuw of the action of
extrmo pressure lubriclunts iuvolvoc the fcxmiation of sII
compounds, a hypothesis has rocontl boon advanool by Boock( 6 ) and
his co-workers in v,,hich th, .octioa..is ccnsidoroA to be one of polish-
ing of the metal surfaces. Acc :r.ing t,- this hypothesis, low molting
ouboctics are formed by rcctict wioh the lubricant which then flow
under the influence of applied prossure tc form very smooth surfaces.
This reduces unit pressures to q groat cxtont ana thus enables polar
lubricants to become sufficiently effoctive to supply adequate lubri-
cation. It apccars probable that the smo-,thing of surfaces is one
action of oxtroen pissure lubricants.

Any material that tcnds to 1,reovnt motul surfacos fro.
welding under cenaiti.)ns o: high pressure nwd t~apornturo may be N

considorc to be Dn extramo r-ossuro lubricant. If this concept be
accepted, then thin films of dissi ol metals which arc sometimes
interposed between metal surlhcos a,;, for example, copper or load in
the czse of stool surf-aces or chciio-ally inrt filtors such as chalk
or tale may be considorod as boing oxtrrae .rossuro lubricants,

Pertinent to the use of dissimilar motals as extree
prossurr lubricants, it has b.;en fund (Table II) that the coefficient
of friction (,nlubricatod) is lovwer -when dissimilar motals arc
caused to slide upon one another thtn w-hen the rlidin-_ n'ctals nre
similar. This is apparently duo to ,, decrease in the tendency for
wolding, vhich might be due to difforoncos in crystal structure, It
is generally advatagoous to utilize films of ductile motels so that
frictional resistance due t, the lubricpmt is not very great. ,hile
the coefficient &f friction is redluced by the use of films of disso-iilr
metals, the valuos are still sufficiently high so that they must be
used in conjunction with other lubricants, especially in order to

provide a weak lin-ik in the mtal-lubricant-metal chain at which
slippage. is facil..tated.
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Another method that may be used to keep metal surfaces
apart involves the uso of chemically inert fillrs, such as chalk or
graphite, which become trapped botween the metal surfaces under cortain
sliding conditions and thus servo as .iechanical separators. Certain
fillors that have weak cleavage planos, such as graphite or talc,
have lower lubricant friction than those that pulverize under high
pressure, such as chalk, but it is believed that they tend to be less
efficient mechanical separators. Fillers will be discussed in greater
detail in Appendix II of this report.

In discussions on extreme pressure lubrication three
terms are widely used: (1) anti-wold activity, (2) elm strength, and
(3) load carrying capacity. Of those terms, "anti-w-ct activityP
which is the most descriptive, is used in a limited sense to indicate
the operation of extreme pressure lubrication under conditions so
severethht welding cannot be completely prevented. Film strength is
generally used with reference to the ability of polar lubricants, or
other organic lubriconts, to prevent welding although it is also fre-
quently applied to the prevention of welding accomplished by the
formation of stable chemical coirpounds which are predominantly in-
organic# Load carrying capacity is more specifically applioa to the
latter case in which the typical extreme pressure lubricants are
operative. Because of the confusion which this terminology givws
rise to, it is believed that it would be preferable to use a term
such as "welding preventive" or "wolding prevention lubriclitt" in
describing extremo pressure lubricants. However, the term "Boundary
Film Strength" (42) may be used in referring to the welding preventive
properties of polar lubricants.

v
E, Wear of Metals

The wear of metals may be classified into four types,
as follows:

16 Wear due to welding
2. Oxidation or Roctivity Wear

3, Abrasive wear
4. Corrosive weur

The first typo of wear is due to insufficient weld pro-
vontivo and is usually quite rapid, resulting in tearing of the sur-
faces (scoring or galling). In certain cases, the acoion is localized
in that a spratch is gougo! from one of the motal surfaces or a piece
of one metal surface is weldod onto the other surface. In ordor to
utilize these surfaces commercially it is usually necessary to remove
the scratch or built-up metal by means of polishing or grinding.
This grinding process results in the removal of metal irom the entire
surface which is an indirect result of welcing wear.

-12 -



The second type of wear is calloI oxidation wear by
Fink (19) snd has also boon investigatod by cthor workers (17, 33).
This is considored by the writer to be a more universal phenomenon
than Fink recognized. It is bolioved that tho dosignation of ,,re-
activity wear" would be moro appropriate. This type of wear is duo to
the formation of relatively thick filas of oxido, sulfide, chloride, or
phosphido by reaction with a reactive cxtremo prossuro lubricant.
These films being rathor bvittle, are dis~placcd from the metal surface
when the more ductile metal beneath thom is plastically doformod.

, Since an excess of roactivo lubricant is available, a now film is
formed almost immediately which prevents welding from taking place.
This process, if continued for some time, results in the removal of
metal from tho surfaces at a uniform rate leaving a surface that is
rather smooth.

It thus becomes apparent that to keep wear to a minimum,
a sufficient thickness of woll rovontive is necessary to keep the
surfaces from making frcquent contact, but increase in the thickness
of the coating over this m3.nimum results in an increased rate of
wear. However, the rate of reactivity wear is usually much lower
than that duo to insufficient weld preventive so that a moderate
excess of roaocivo lubricant is fRr tQ be preferred to any deficiency.
In a groat man applications, the thickness of stable compound

necessary to keep the metal surfaces sufficiently far apart so that

a low rate o. wear duo to welding is obtained is so small that the
coating is invisible to the unaided eyes

Anothor method that may be utilized to a certain extent
in reducing the ra, e of reactivity wear involves the adsorption of a
film of polar lubricant in addition to the weld preventive. This
servos to provide a region of easy slippage within the lubricant so
that the tendency for displacemont of the brittle deposit of stable
compound is reduced*

A mochan,,a of wear reduction has boon recently id-
vancod (6) in which it ia postulated that by the action of certain
lubricants in removing surface irregularities the unit p.ossures
&.d rate of wear are reduced, To a certain extent this concept is
equivalent to the concept of wear given above, sinco this smoothing
action may take place by virtue of the formation of stable chemical
ocnpounds on the surface followed by rmoval of the high spots by
displacamot upon repeated contact. Because of the exceos of the
extreme pressure lubricant, however, this protective film reforms
and prevents wolding The proponents of the concept of reduced
wear due to smoothing of surfaces, however, ascribe this effect to
the formation of low molting autoctics that flow readily and thus
form very &4 ooth surfaces.

-13- rC
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A great many wear studies have been performed for un-
lubricated surfaces, or at least surfaces that are not consciously
lubricated in order tc determine the wear resistance of metals and
coatings on sliding surfaces. Under these conditions, wear has usually
been considered as abrasive in nature, that is, a harder surface
causes the chipping off of portions of tho softer surface with which
it makes contact. This typo of wear is probably important under low
pressures. Howiever, many of these wiear studios may have been faulty
in the respect that there was no control of lubricationa Usually
surfaces aro used that are covered with layers of oxide or water
vapor of greater or lessor thickness and those determine whether
welding or reactivity typos of wear will occur. However, those wear
studios have determined that softer metals wear more than harder
metals although a groat many exceptions =ist to tiis relationship.
This is probably related to the experimental fact that soft metals
weld more readily than harder metals (Table II). One series of
investigations has indicated that the n-.ting point of the metal
rather than the hardness dotormines the rate or wear (9) indicat- "
ing that something more than abrasion is involved.

Another typo of wear is corrosive wear. In this condition,
parts that are in intermittent sliding contact are corroded by eposuro
to a corrosive environment and during the sliding contact the corrosion
products are displaced from the surface. In many cases this type of
wear may be'roducod by the use of protectivo finishes such as chromium
plato or by the use of rust inhibiting oils. Corrosive wear is most
frequently a result of the development of an acidic environment# This
may be duo to fatty acid present In thu lubricant or formed by oxida-
tion of mineral oil, hydrolysis of sulfur or chlorine bearing lubri-
cants to form hydrosulfuric or hydrocn.Loric acids, solution in water
of the products of oonoustloa of fuels to rorm carbonic and sulfuroa
uCids etc. In the last case, wear of ongine cyllnders has bcea
ascribed to the condensation of these acids on the cooler r rviona
of the cylindrs resulting in corrosion. In so-so , corrosion
does not become apac iable until the surraces are in sliding contact
since the ootrosion products ordinarlr protect the su'fane from
furthar oorrosion, An dzmplo has bozm citOd by Viso M) that clearly 0
illustrates this point. Baso metal alloy fountain pen points resisted
corrosion by ink under static conditions but when rubbed aint

Papor the rave of wear wns high. There is also somo similarity be-
tweon this condition and tho reactivitv tvo of wear C iscusde& above.

,}"
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TABLE II

Cofficient of' Bctornal Friction (It) for various niatorialsp

after Tichvinskyj and Schmurinann (21.)

Combination of Materials (1

Carbon - glass 0.18

Copper - mild steel 0*36

Garner, - mild stoel 0.38

Glass - glass 0,40

Hard Stool - hard stool 0.42

Cadmium - mild stool 0.46

N~onito - glass 0-53

Mild StoQ1 - mild stool 0.57 r

copper - copper 0,6o

Nickel - mild stool 0,66

Cadmium -cadmium 0.80 W

Aluminum - aluminu 1.4
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L.L I I I tI JThe profile of a fin ly turned steel surface
LL will have the appearance shown In the"OI In& .0013 l above proile photomicrograph. That such

#~ surface is fragtmented Is shown by the
PHiOTOXICROORAPH OFP PROIlLZ metallic particle In the upper right hand
Mar ........ I.......... Test piece cormer which apparently Is loose from theMateil ........................ St body of the material..hs particle may not

Tepoarily fa detached from the surface as; operation .................. Fine turned it may be a portion of a curved proJection
Part'........ 14 T mhet pe. corne up taroenl the layer of platne

Vagictioes............ 750 dIametrs boldag the frat ed surface in place.

art.I 19
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Operation ........... Ground
9 Proflometer ... 3S nicroinches rMs. One Loch =.0013 Inch. F

124'

operation ... 5econds SUPRUIIK J.LISL.LL
rrohllometer.......20 aklcolaclies mse. Oat inch =.0013 Inch.

Operation ............ SUPEmFINISHz L..LL...I.I.L
ProfiIontetcr .......0.9 microinches Mis. One inch .0013 Inch.U

Ng;. 1365-FIGURE MU
NU. #1650-231 MARCH 1944
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FIG. 2. Taper-section of track formed by sliding ahemispherical copper rider on an unlubridated steel surface. Hor-
somtal magnfKatlon 200. Vertical magnification 2000. The width of the track is indicated by arrows. Note the udbcrin
fragments of copper, and the pits marked H where the steel has been plucked out of the surface.
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APPMlC II

II. Application of Lubrication Theory to Deep Drawing

A. Introduction

In the case of the drawing of notals through dies, it may be
assumed that unit pressures are very high since the forces applied must
be sufficiont to zoceed the yield strength of the metal. It should be
possible, therefore, to apply a good deal of the information on boundary
and extremo pressure lubrication that has boon discussed. It was
previously mentioned that, in the caso of boundary lubrication, friction
is independent of speed over a wide range of speeds. This has boon used
as one criterion to determine that lubrication is of the boundary type
in metal drawingo In the case of wire drawing, it has boon found that
friction is independent of th9 speed of drawing ovor a rango of 20 to
600 centimeters per socond ()t The high frictional resistance also
indicates that fluid lubrication conditions are not being obtained*

* In this connection, Giraud found, by immersing a wire drawing die
in a calorimeter, that frictional losses were in the order of 50% (2).
Same investigations by the writer 13) have confirmed this magnitude of
frictional losses ?.n cartridge case drawing oven whon lubricants are
used which are fairly good. This indicates that a good deal of welding
must be taking place and, consequently, the methods for reducing
welding discussed under extreme pressure lubrication are directly
applicable to deep drawing lubrication. In addition to the large
amount of heat generated as a result of frictional resistance there
in also a considerable amount of heat generated duo to the doforma-
tion of the metal so that it is common knowledge that work subjocted
to sevro "cold" drawing operations caes from the dies too hot to
handle with the bare hands, It is probable that surface tomperatures
are extramely high on the basis of the previously discussed data
obtained by Bowden and Ridlor. This high temperature makes boundary
lubrication much more difficult because of disorientation of polar
films eo that in some cases the combination of high pressure and
temperature makes it necessary to utilize all of the best drawing
lubrication practices in order to obtain tool life that is oven
moderately high.

B# Effect of Soae Metallurgical and Dogineoring Factors on
Deep Drawing Lubrication

Before going into the application of the fundamentals of
lubrication to drawing, it is desirable to obtain some information i7

concorning the effect of mechanical factors upon the arawin6 poecess,
as they affect lubrication. Of obvious importance is the typo of
metal, Its mechanical properties and motallographic structure and the
nature of its surface. The higher the yield strength of a motel the
greater will be the force required for plastic deformation and the
greater will be the unit pressures which the lubricant will be subjected
to. Consequently, any factor that affocts -A^l w
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lubrication. In addition# the similarity or dissimilarity of the metal
being worked to the metal being used as tools to a considerable extent

determines the tendency for welding between the surf~~ since with
dissimilar metals lubrication is less of a problem. TXI)

mor srally than metals or single phase alloys can be doformodR
mor rodiy tanmulti-phasod alloys. When an alloy contains two or%

moro constituents, the difficulties that may beoexperienced aro
dopondent upon tho distribution and size of the unit particloe An
oxamplo may bo citod to illustrate tho above, Low carbon stool,
which is practically a single phase alloy, contains f ow carbide
particles and roquiros relatively low forces for deformation. A
medium, carbon stool containing fine poarlito is a two phase alloy
and requires relatively high forces for deformation. On the other
hand# a medium carbon stool having the same carbon content as be-
tore but having the carbon (carbide) distributed as spheoids in
an alpha iron matrix requires forces intermediate between the above
two conditions. For the medium carbon stool, the latter structure
is more favorable so far as the lubrication problcm is concerned*

a In certain cases in whibh one of the constituents is
concentrated at the grain boundaries, and becomes a continuous
onvelope around the grains, as is obtained when vory small per-

a centagos of bismuth are present in brass, a groat decrease in
ductility will bu experienced. In ether cases, segregation of
certain impuritios at critical areas may be tho cause of tearing
of the metal. Preferred orientation, motta3. detects such as lamin-
ations, seams and inclusions, or excessive grain size, may also MMl
have this offootv In any event torn pieces of metal may remain in
the die and cause welding, oven with normally optimum lubrication$
While this causo may be immediately recognized in most cases, there
are timies whon bho torn metal passes throuah the die after causing
the troublo and the lubricant is blamed.

In attempting to Uttain optimum miotallographic structures
for desired app cations, motal is annealed, normalized, apheroidizod,
patented, otc. * The proper arrangement of those treatments is
vory important In dotonumtning the drawing forces and the type of
lubricant that must be used for any speciric operation. For a
prtioular motallographic atruoturo nooosry to obtain certain
physical. propor,44os, it is frequently possibla to control those
hQL~t treating proooouron so as to procure minimum forces and thus
red4qq lubrication diffioultioss It must bo understood, however,
tbt wheno~ piia high physical properties are required the

~ u~~llyq4Wnt bq treated to mnin1Jiio lubrication difficulties
and it tp #6 necesary q dovotQ greator attention be lubrication
44n order to obtain satisfactory porformance,17-5
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Under crtain conditions the hardening of metal upon

storage causes difficulty, as in the caso of cortain ago hardening

alloys. Whore subsequent drawing is to be conducted on such alloys,
immodiate rodrawing should bo conductod or the alloy should bo
stored at low temperatures and for as short a period of time as is
foasiblo. Pure aluminum and certain of its alloys have a low rate
of work-hardening and consequently may be subjected to a series of
drawing operations without intormodiato annoals, without roquiring
markedly incroasod drawing forces. Other metals, such as brass,
plain carbon stools, and, to a greater extent, austcnitic or
"stainloss" stool, work-harden so rapidly that they usually must bo
annealod betwoon operations and may ovon require increased forces
during part of the single drawing operation.

The formation of excessive deposits of hard non-ductile
materials such as irom oxides in the case of steel, cuprous oxide
in the case of brass and aluminum oxide in the case of aluAinum
causes local increases in the force required for deformation.
When the brittle oxide coating becomes too thick it may crack as
the softer metal underneath is plastically deformed rosulting in
the extrusion of unprotectod metal to tha surface whoer welding may
take place. Excessive docarburizationi on the surface of stool result-
ing in the formation of a layer of sof ure iron also tends to weld
more readily than the original stool.

The occlusion of hydrogen during pickling causes stool or
iron to become brittlo This ombrittled steel requires higher
forces for deformation and may tear during the draw. It has boon
reported that this hydrogen ombrittlemont may be reduced by heating
at moderato omporaturos (200-400°F,) for 5 to 60 minutes.

Regarding the surface of metals being drawn, it is
advisable that this be quite smooth yet not so smooth that a mirror
finish is obtained. Optimum results are usually obtained when
surfaces are slightly roughoned after drawing by a light pickling
or sand blasting operation, This has boon ascribed to the bettor
retention of lubricant by slightly rougher surfaces. This must be
balanced against the poor frictional characteristics of rough
surfaces. In this connection, annealing in controlled atmosphere
furnaces is frequently a source of trouble since it may result in
surfaces that are too smooth.(5)

In additioi to the nature of the metal being worked, the
type and severity of the drawing operation dotermines to a consider-
able extent the* lubrication difficulties that may be encountered.
Drawing operations vary from those which consist mainly of bending
or shaping, in which the stretching of the metal occurs over a
relatively small portion of the total area while the reduction in
area and wall thickness is very small, to those in which there is a
groat reduction in area and wall thickness duo to ironing or flowi- -



of the metal botween tool surfacoso In the latter case, the amount
of ironing and the heat generated duo to crystal d-form;,tion is
determined by the percentage roduction in area. L, the formor case,
in which stretching of the motal takes place ¢or a limited area,
lubrication may be very critical since, on the other hand, too low a

-oMivfic1nt of friction may be sometimes disadvantageous because the
ease of slippage may cause tearing or wrinkling to take placo.(7)

The design of tho tools is very important in aotormining the
severity of drawing operations. Sharp corners in dies may be the ZO
cause of localized high unit pressures. The rate of reduction of
the metal, i.e., the slope of the reducing portion of the dlo, is
also important in dotermining unit pressures, and in this connoction
it has frequently boon found advantageous to use longer die lands or
dies placed together in tandem instead of single, short dies in
which the rate of reduction of metal is high. Appropriate clearances
are also important so that unnecessary sliding friction may be avoided.
This is especially important because of the tendency for metals to
"spring back" after boing olasbically deformed by the tools.,

The nature, hardness, and surface condition of the tools
aro important factors dotermining the tendoncy toward welding of
the tool with the metal being worked. The tendency for hard metals
to weld is less than that for softer metals. In obtaining hard
stool drawing tools a limit is roached by the maximum hardness
obtainable by quenching (e.g., Rockwell C 67) and the brittleness
of those hard stools upon being subjected to impact. By appropriate
quonching and tempering techniques and selection of stools it is
sinotlmos possible to obtain maximum hardness at the drawing surfacos
while the bulk of the tool is much softer and supplies the necessary
toughnoss to resist impact, However, for general practice an attempt
is usually made to tamper stool drawing tools to a hardness of Rockwell
0 62-63 to obtain toughness as well as hardness. A aifferonos in
hardness of from Rockwell 063 to 067 has boon found to cause im-
portant difforoncos in tool life in some lubrication studies oz)
stool cartridge case drawing made by the writer.

It is possible to increase the surface hardness of stool
tool surfaces by plating chromium on tho stool. While this is
advanthaoous in many cases, it is a critical operation since ox-
cossivo brittleness must be avoidod and good adherance to the
stool must be obtained. It is also necessary to have a hard stool
surface underneath the chromo plate to prevent cracking of the plato
dUo.to plastic deformation of tne steel beneath its As a consequence,
the zu=ose of chrome plating has fzquently boon in, doubt duo to
wid6o variations in performances, However, sufficlont aata have
boen accumulated to indicate its value when used properly. (8) This
is duo to both its hardness and its dissimilarity to the metal being
workod. The use of dies made of tungsten carbide sinterod in a
cobalt matrix, e.g. Carbolloy, has proven very successful boause
the particles of tungsten carbide are almost as hard as diamond, and
in addition, are non-mtallic so that the tendency for welding is
considerably rdducod.

-4-!ya
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Surface smoothnoss of tools is extremely important; the
smoothor the surface the bettor the tool_ ife. This has boon borne
out by a large number of invostigations t9i and in one series of
experiments performed by the writor an improvement in the order of
400 percent in tool life was obtained by changing the polishing
technique so that smoothor surfaces woro obtained. In noithor case
was the maximum in smoothness obtainod but the improvemont in tool
lifo was, nevertheless, quite largo. Whilo maximum smoothness is
dosfrablo for tools, some intermediate roughness is ordinarily
desirable for the work,

C. Lubrication Factors in Metal Drawing

(1) Ucossivo wolding Between tho W.ork and Tools

When welding between work and tools takes place, oven"

over a fairly wide area, there is usually insufficient resistance
to actually stop the draw press. Instead, tearing occurs in the body
of the weaker of the two metals or at the wold itself, Naturally,
the tools are seleoted to havo a higher tensile strength than the
wort so that, when welding occurs, thore is a tendency for some of
the motel being worked to be torn from its surface and dopositod
upon the tools. Because of the work hardening charactoristics of
most metals, resulting in increased tensile strength, the portion
of the metal which is deposited or built up on the tools will be
stronger than the metal subsoquently passing over the tool, This
rosults in further tearing within the bow of the motal being worked
aftor additional welding takes place between the build up and
portions of the works In addition$ the tendency for welding between
the built-up metal and the work is groater than that between the
tool and work% Those factors result in the build-up on the tools
bocoming progressively larger until it roaches such dimensions that
the work is scratched or torn so that it can no longer be useful.
This .process is known as scoring or galling and when the welding
roaches such proportion that the normal flow of metal is prevented,
it isknown as soizure,

(2) Prevontion of Build-Up and Soizuro

Welding can be provontod if a sufficient quantity ofsurfroo contaminant (lubricant) is supp~iol to keep the metal

surfaces aepratodo Thus the forces of intermolocular attraction
14rP roducod to a negligible quantity, When surfaces are under the
Infwluone of shearing stresses, the ability to perform this separa-
tion ,doponds upon the adherence of the coitaminant or lubricant to
the surfaces. Depondine upon bhe magnitudo of those stresses,
different typos of lubricants may be employed. Thus, vhon unit
prossuros are small, mineral oil, which is hold to the metal surface
by forces of physical adsorption, are sufficient. When unit
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Pressures taro considerably hi hor, fatty acids or other polar

lubricants, which are hold to metal surfaces by forces of chomical
adsorption and polar oriontation, are usually sufficient. This
typo of lubricant provides sufficient protection for many drawing
operations that arL. not very severe ospocially in the case of the
nonferrous motals,. Whon unit pressures become very high and, in
addition, tomperaturos are high, it is necessary to utilize lubri-
cants that can react with the metal tc form rigidly hold chemical V
compounls which arc not approciably affected by high temperatures.
This is the typo of lubric::nt that must be used for most severe W.
deep drawing operations. The reactivity of the lubric-nt should
increaso as the severity of te operation is increased.

In the case of nonferrous metals, reaction with oxygen
in the air is frequently sufficient to provide a stable film that
is thick enough to prevent welding on a largo scale. While rust
or other oxides of iron aro used in the case of some of the deep
drawing operations performod with ferrous metals, it is usually
nocossary to have a more reactive extreme pressure lubricant. Oils
or water-base emulsions containing sulphur, chlorine, or phosphorus
of varying stages of reactivity may be utilized depending on the

thickness of coating required. The heat duo to deformation of the
metal and to friction is depended upon to cause reaction with the
motal.

In addition, chemically inert fillers may be used in
the lubricant as weld preventives. These may be trapped between
the work and tools and thus mechanically separate the parts. In
certain more severe operations, espocially with ferrous metals, it
is possiblo to deposit a layer of dissimilar, ductile metal by
electrolytic means, hot dipping, or chemical displacementb* Copper,
load. tin and to a lessor extent, zinc have been used in this %
connection. (i1) This method provides a layer of material that

wolds loss readily with ferrous metal than two ferrous surfaces would
and which in addition, flows with greater ease than the ferrous metal,

In this method the reaction of iron displacing copper from a
solution of its salts rtay be utilized. Fo + CuSO4 .---- Fo 0 4 +

Cue For the procuremont of reasonably good adherence of the
copper to tho iron, this must take place in acid medium. However,
when the acidity is too high or the copper salt concentration is
oxcossivo, the copper is produced in a non-adherent form, A
patented proprietary formulation which provides a bright, adherent
deposit of copper is sold by the American Chemical Paint Company
under the trade name of Cuprodino and consis s of' copper sulfate$
sodium chloride, and a pickling inhibitor(10),
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Welding may also be reduced by depositing on the surfaces
a layer of non-metallic material, which may consist of compounds of
the metal. Deposits that have been used for this purpose are sulphidos,
phosphates, rust, or Othor forms of oxide, ctc. Those deposits are
placed upon the metal as a separate process so that it is not
necessary to depend upon thu drawing process to ganorpte the heat
required for reaction loading to the formation of the protective
film and protection is afforded immdiatoly as the work comes in
contact with the tool# The woaknoss of this typo of lubrication lies
in the lck of ductility of those doposits which results in high
lubricant friction and which may cause fluking off of the deposit
during the draw. If an additional quantity of extreme pressure
lubricant is not available the bare surfaces that ero exposed as
a result of this flaking will not receive a new deposit of stable
compound E.nd consequently welding will occur.

It has boon found that whon relatively thick films of
low molting lubricants such as anhydrous soaps or waxes are

doposited on the work in fairly adherent form, by some mechanism
those fiLis are not displaced during the drawing operation and are
able to separate the metal surfaces to a considerable distance and
at the same time provide a lubricant with very little resistance
towards stress deformation. This results in low values for friction
which tend to aproach those obtained under conditions of fluid
lubrication. (i) This is a yrmising typo of lubrication which has
proven vary successful in the several applications )n which it hos,
b.oon employed, Something akin to this typo of lubrication is also
obtained in the traditional lubrication procedure of the wire
drawing industry in which a "sull" or rust coat followed by calcium
hydroxido is baked on the wire and tbo resulting wire is coated with
powdered soap prior to drawing.

One mechanism that has boon suggested for this typo of
thick film lubrication indicates that a portion of the lubricant is
trappod in some fashion so as to remain in contact with the working
surface. During the Arawing it is melted wni.e the material behind
it is still a solid and forms a plug provontiag escape of the liquid,This expl1anation is not very satisfactory since the molten lubricant
should transmit forces equally in all directions; those forces be-

twoon the work and the tool being sufficiout to exceed the yield
strength of the metal, However, although the pressure at the apex
of th6 plug might be very high, this would decrease rapidly as the
width of the plug increases, since the force is transmitted over a
larger area. This may explain the failure to expel the liquid.

(3) A Hypothosis on the Mecha ns m of Metal Build-up on Tools

The mechanism of the formation of build-up of metal on
dies has boon a constant source of anxiety among those who work with
drawing lubricants* It is a natural reaction to the sudden occurrence
of build-up on tools and scratches on work, where none wai visible
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a few moments before, to ascribe such effects as being duo to "dirt"
or abrasive particles. This may have been a prime cause of the lack
of progross on this subjuct. It is argued that thoro cannot be much
difference among various lubricants if difficulties are duo to the
random influence of abrasive "dirt", While abrasive particles have
somo effect in causing metal build-up by exposing clean surfaces,
their effect is considerably less th.n is gonorally belynvod.

In the following paragraphs there is presinted a
possible mochanisn for the formation and prevention of metal build-up
on tools which is a logical dovolopmont of lubrication theory.
This pictorial representation may servo to dii3pel some doubts concern-
ing the action of drawing lubricants, In addition, it may lay the o
groundwork for a quantitative approach to th3 problem of drawing lubri-
cation if numorica values could be doterminod for the various
lubrication factors,

Let us consider a hypothotic-l case in which a die with
a hijhi polished surface is used, a givon area of which is composod

of 101 atoms, Since the surface would consist of peaks and valleys,
possibly 1016 atoms are at the effective surface, If the gurface of
the die and work wore porfoetly clean these would form 101 welds if
the surfaces were pressed toget .r, flowever, perfectly clean surfaces
are almost Ampossiblo to obtain so lot us assumo that "shop clean"
surfacos are availabJo and only 1011 atoms are able to weld because I'
of the protection afforded by miscellaneous contaminants such as

oxide, water vapor, dirt etc. The die being used may be considerod
to bo quito hard and of g dissimilar motal to the work (og. sinterod
carbide) so that orly 10f atoms have a tendency to weld*

Consider an individual wold in Figure V. Following the
formpticn of this weld, there is a tearing of metal in the vicinity U
of the wold which may be onnservatively estimatod as causing thebuild-up of throo atoms from the work on the original wold. Each
of the atoms picked up can weld except for the provision of surface
contamination or lUbrication to prevent this. Even though no visible7
lubricant is appliod, a cortain amount of surface contaminant such
as oxido or water vapor etc., will be formed by the action of the @'
atmosphoro, This would possibly provont further wolding of one of E
tho throe atoms of motal built-up in spite of the increased toedonoy
towards wolding of the soft built-up motal. The other two atoms,
howie'vr, would each pluck three atoms of metal from the next pioco
worked and the size of the welded area would increase in geometric
progressione This increasing rato of enlargamont of tho built-up
aroa continues in the sub-visual range but at soe point the
'Aagnitudo of the built-up area passes the zone of visibility, Thioh
is in the order of I016 atoms or somothing like 900006 grams* (Soo
fiuro v).i
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The sum of a geometric progression is equal to S = a

If a I and each weld results in the removal of 2 atoms so that
r - 2 and n - number of progressions, i.e. the number of pieces
drawn in this application then

S 1 (2" 1)

For S# the numbor of welded atoms, to equal 1016 atoms for minimum
visibility and neglecting 1 in comparison with 2n

1016. 2

n log 2 - 16
3n -16
n -16

.3
0 53 pieces

Actually under practical conditions visible pick-up
might occur in the first or second or third piece assuming a very
diffioult operation, due to the increased tendency for welding as
the temperature is increased and the likelihood that more than two
atoms are welded each time. The temperature would be inoroased
considerably duo to the heat generated by the plastic doformation
of the metal and due to broaking of the welds by tho force performingtho draw.

MUdor the above extremely poor lubricating conditions$
the rate of wolding is high and motal build-up on dies grows to
visible proportions with extroem rapidity and shortly aftorwvrds
to such an extent that largo pieces of motal are welding and being
displaced. This results in work being seriously galled and torn.

Lot us now consider soma cases in which various
lubricantsp used caimmorcially, are applied, other conditions being
similar. Tirst lot us considor soap lubrication which is adequate for
cass -in which the toedoncy for welding is at a low level but is
only partially offoctivo in severe drawing operations. A singlo atom
frsu tho dio Wolds with the work and plucks throe atoms of the
softer abtal from this* However, now we have a liquid lubricant
acting as a vehicle for fatty acids which form an adsorbed layer un
the welded region which is fairly resistant to shearing stresses so
that° it 'tends to prevent welding. While the polar film can sustain
shoariAg stresses to a greater extent than hydrocarbons (mineral oil)
the film is suscoptiblo to rupture to a certain extent. This is in
accord with the results of carefully controlled experiments on
boundary lubrication in which it has boon found that some rupture
of the lubricating film with consequent welding oc irs oven when
the best known boundary lubricants are employed. (13) Lot us assume
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c.

that the film in this specific region is broken once for each five
pieces drawn. This results in a weld and this procoss is continuous,
ie. five more pieces may be drawn before temperatures and pressure
cause displacement of a portion of the film to allow one wold.
Utilizing the formula for geometric progressions, as boforo, there 6
is obtained

8w-(252 -)

for S to equal 1016, n would be
n4

1016-(5-1
2

n
16 = 5 log 2 neglecting -1

. 165

n - 16 x 5 266
'3

or 266 pioces could be drawn before visiolo pick up.

b mAs boforo, this would be reduced by temperature effectsbut Moro slowly than in the previous example because tho reduction

in friction when polar films are adsorbed would result in the
formation of loss heat than when those films are absent,

The offoct tao superposition of various weld preventive
factors would be to increase the magnitudo of the number by ,which n
is divided since the numbor of welds formed would be reduced more and
more. Some of those lactors aro the use of appropriate fillers,
dissimilar motal coatings, and sulfur in the lubricant be enable the
formation of stable motal sulfidos, oet. However, in each case the
formation of visible build-up would be an abrupt affair occurring
within a small numbor of pieces drawn. In the case in vhI oh good
lubrication is attained, build-up will become vitt blo abruptly but
will become worse much more slowly than under conditions of poor
lubricationh

Lot us now consider a caso in which all of those lubri-
cation factors are employed.* Under this sot of conditions the

* It might be pointed out that the milder the operation the £C ww

of those factors would be required for a desired result (tool lifo)
but that oven in these cases the use of all of the fac.nrs would
cause improvemont An tool lifo s us e the number of welds would be
reduced. However, a practical limit is indicated by factors of• ~expense and the occurrenoe of mechanical or accidental failures* :
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V.

tondenoy for welding would bo greatly lowered but would still be
oxistant, Any or all of thoso factors may bo in oporation to prevent
welding at a particular time but tha tendency for welding is, lot a.

us say, one weld at this particular region for each 3000 pieces
drawn* Thus, to roach the zono of visibility or 101 atoms

n
1016 2 U -l
101

16 , n log 2

48000 n log 2
48000 a n03 

-

n - 160,000 pioces

Although only one wold would occur in 3000 piocos at this
region, and the build-up would not be visible until 160,000 piocos
have passed over this spot, thoro aro 107 other spots on the dio whore
this process could occur. Although visual build-up mny appear at
one region there probably are many thousands of othor rogions "'
existant which have sub-visual build-up, Those regions would become
visible as additional pieces are drawn,

Before leaving this hypothosis, it should again be
emphasized that it is mainly intended as a thought-provoking
concopt, However, it does appear plausible and may provide a
bettor understanding of deep drawing lubrication.

(4) Effect of Excess ive Lubricant Friction

The greatest reduction in friction is usually obtainod
by roduction of wolding but, in addition, the friction duo to the
deformation of the lubricant itself sometimes bocomes important.
Ordinarily the power consumption reduction due to reduced lubricant
friction is nogligible but in cases in which are unwarranted in-
crease of power consumption, for example, if 20% occurs - this is a
factor to be considered. However, other effocts attendant to in-
creased lubricant friction may becoe very important such as excessive
heat formation, flaking of non-ducti2 o deposits (reactivity wear),
strain on oquipment and change in loct:lizod flow of the metal.
Certain non-ductile deposits obtained by reaction with the lubricant
during the draw or applied as pro-troatments cause excessive lubricant
friction. Examplos of those are hoavy oxide, sulfide, "sulfur oxide",
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and phosphate deposits, Those arc frequently efficient weld pro-
vontivos an 3 sometimes can be effoctivcly used in conjunction with a
polar lubricnt so as to minimize lubricant friction, although this
is still high. Fillers of the pulvorizing typos frequently increase
lubricant friction to a nodorato oxtont. Deposits of ductile motels
and of solid l3w molting point lubricants such as soaps or waxes
gonorally cause low lubricant friction, tho latter to the greatest
extent because of the approach to fluid lubrication conditionsb

(5) Effect of Lubricrtion on Metal Flow

In most cases the flow of metal during drawing operations
is facilitated by reduction in frictional r'osistance and this offoct
is beneficial. For example, considerable impedance towards flow by
excessive friction between work and dies may result in ruptures of the
work duo to something similar to tensile failure sinco part of the
work is hold at the iond the remaindor is free to move. Not only
can this type of difficulty result in tensile failure, but occasionally
it can result in reduction in the thickness of the wall of the object
being fabricated which may result in failure during performance.

While reduction in friction is almost always beneficial
with regard to metal flow there are occasionally cases in which this
is detrimental. For example, in punching out cups, Swift (7) mentions
that a great reduction in friction between the punch and the work
frequently results in excessive movement of the metal so that rupture
of the work may occur. The proper flow of motal is most important in
the cases in which hollow bodies are being formed from metal shoot
such that the wall thickness of the bulk of the metal is not changed
but stretching takes place over a limited area, Under those condi-
tions, it is desirable to have this stretching take place over an
area as largo as is feasible, Friction reduction is generally
beneficial in providing this action, but, becauso of this localized
stretching, it is possible to have too rapid a flow of metal in
some local region which may result in rupturos.

A case has boon brought to the writorts attention in
which dimensional control of the work is not possible until a
oertain amount of metal has boon built up to the dies. The in-
creased frictional rosistanoo results in bottor holding of the
metal in certain regions of the die. It should be emphasized,
howovcr, that this type of condition is not frequent and might
be avoided by redesign of tools.

In the above discussion, the differences between the
two typos of frictional resistance should be kept in mind, iso.,
resistance duo to welding and that duo to she!r resistance of the
lubricant. It is possible to attain various magnitudes of frictional
resistance by increasing or decreasing the shear resistance of the
lubricant without sacrifLcLing tool life due to wold formation for
those cases in which high frictional resistance is necessary,

-12-
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The effect of different degrees of lubrication on
different portions of metal boing drai.n hr-s not boon studied very much,but some results obtained by the writer indicate that this may be of
groat importance, Thus it was observed that variation of the quality
of the lubricant on either the inside or outside of brass cartridge
case pieces resulted in peculiar variations in 0-rawing forces at
differont stages of the drawing process, indicating that the flow of
metal might be changing as a consoquence of changes in friction.
M Moroovor, Swift(7) has found that, in the cupping of discs, a
greater number of ruptures occurred when the top of the disc was
well lubricated and the smallest number of ruptures took place
when the bottom of the disc was well lubricated and the top was
poorly lubricated& This effoct has been confirmed by the writer,
in the case of the redrawing of brass cartridge case pieces. It
is believed that this subJect might provide a fertile field for ,V
research investigations,

D. General Properties of Drawing Lubricants (5, 14, 15)

le Weld Provention

Depending upon the severity of the drawing oporation,
it is necessary to use a combination of the welding prevention
methods discussed abovo, While incroauod improvement is usually
obtained as the number of weld preventives is increased, there is
a limit reached by practical considerations such as ease of applica-
tion, unit cost, and occurrence of mechanical failures. Welding
prevontion is tho most important single requirmont for a drawing
lubricant 'and has boon adequately discussed in previous paragraphs.

2. Lubricant Friction Reduction

Sufficient quantities of polar lubricants should be
available for reduction of lubricant frio-i" or shor resistance
of the lubricants This requisite, which has been adoquately treated
iA the previous discussion, plus wolding prevention must be satis-
fied before any of bho following requisites assume any appreciable
importance.

3. Ease of Applioation

Flowing of the ldbrioant over the tools and work is
tonorally, the most convenient method. Dipping mothods are somewhat
loss oonveniont. The use of fillers is often inconvonient since most
of these require agitation to keep the filler in suspension, and tend
to clog pipes and feeding mechanisms. The greatest difficulty of fapplication occurs in the case in which deposits of low melting solid
lubricant, non-ferrous metals, or stable chemical compounds are
applied to the work prior to drawing but these techniques are, never-
tholoss$ highly desirable for difficult drawing operations. ...
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4. Ease of Removal

in many oases lubricants ,re solootod on the basis
of Oaso of removal oven whon othor suporior lubricants aro avail-
able for tho oporation, While easo of romoval must be balnincod
against performanco, nevertheless the e.phasis should bo on
lubrication performance, Considorablo attention should be paid,

if nocossary to the mothods for romoval of good lubricants. It
has boon found by the writer that many instancos in which lubricants
aro not used because of difficulty of removal can be readily cleared 0
up by the use of eppropriato cleaning methods without groat changos
in tho cloaning proooduro Failure to omphasize good lubrication
rathor than oasy removal is generally quito expensive in torms of
tool li'o and quality of the finishod product*

t5,Sblity W

Certain lubricants tend to bocomo rancid and, whore
this is duo to bacterial decomposition, it is frequently possible to
minimiso this effect by the use of appropriate germicides. In
other oases bactorial growth may ba chocked by moans of a process
similar to pastourization of milk, Considerable care should be
taken to store emulsion type lubricants under conditions in which
the tom oraturo is neither too high nor too low, Rapid changes in
tomporaturo should be Ospecially avoided since this tends to break
emulsions, It has boon found that the stability of emulsion typo
lubricants can be greatly improved by the use of a homogonizing
process, ts in a colloid mill. Any manufacturers are now utilizing
this treatment.

6s Non-Corrosivonoss

Lubricants must bo carefully - -Loo'nol fo orsvns

especiwlly when high concentrations of fatty aids and cKtremo
prossuro additives are presents In the case of aluminum and zinc$
hithly7 alkaline lubricants must be avoided and it is for this roason
that soap cmulsions are enorally not used in the fabrication of
aluminuxm parts,, It is usually a good idea to follow most drawing
op~oratione with a cleaning operation to remove the lubricant as
soon as is feasible to reduce the possibility of corrosion taking
plk'oo6 This is espeially trno when annealing proooduros are

S Since rcmoval of lubricant reduces subsoquont difficulties in
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7. Freedom from Physiological Effect

While certain people are allergic to certain of the
constituents of drawing lubricants, the occurrence of dermatitis,
which has been associated with contact with drawing lubricants, has
been found by the U, S. Public Health Service to be due mainly to
contamination of the lubricant with bacteria or defatting of the
skin. In the former case, bacteria are introduced into the lubri-
cants by carelessness on the part of a worker or lack of cleanli-
ness of the workor's skin.(16) In the latter case in which the
skin is defatted, difficulties may be eliminated by the use of
appropriate protective creams of which a largo variety are now
available on the market. Lubricants containing white lead should
be avoided and, at the present time, there are available an ample
number of non-toxic substitutes that give equal performance.

The miterials frequently addedto drawing compounds to ,
mask odors due to improperly compounded reactive constituents or
rancid fatty materials servo a real purrpso so far as psychological
effect is concerned, but when added in excessive quantities might
have an adverse physiologicAl effect. For exmple, one problem was
brought to the writer in which a pungent mnterinl was emitted from a

lubricant emulsion upon passing steam through it for the purpose
of facilitating dilution with water. It was found that this was
due to tho presence of napthaldohyde which was substituted for
benzaldohyde as a deodorant. The vapor pressure of the naphthaldohydo
is loss than that of bonzaldohyde at room temperature, and conse-
quontly a larger quantity was used to obtain the same doodorization,
However, the naphthaldohydo is distillablo with steam and conso-
quontly it all came off when the compound was" diluted with water at

high temperatures. This was sufficient to cause the temporary
hospitalization of several employees,

8. Economy

It is fairly obvious that the cost of drawing lubri-
cants must bo balanced against operation costs and that it is a
foolish economy to reduce the cost of the lubricant if this results
in decrease in the life of tools or in the quality of tho finished
product* On the other hand, high cost of lubricant is no guarantee
of high quality; although mruW metal processors have utilized this
as a criterion. In addition, proprietory formulas are, in general,
overpriced whether they represent the best material for a particularI job or are not especially suitable@ It has been the writer's

experience that after the fundamental principles of drawing lubri-
cation are applied in selecting lubricants for various drawing
operations, not only is tool life and quality of product improved
but there is usually a considerable decrease in the cost of the
lubricant. This is especially true when simple materials, which
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can be made up directly at the shop, are utilized in place of
proprietory formulations. The use of the appropriate simple materials
is not especially difficult if these principles of drawing lub.ica-
tion are kept in mind. Another possibility that is frequently
ignored in the use of superior drawing lubricants involves roduc.,
tion in the number of operntions required. It is economical to
pay more for the lubricant if savings of this sort can be accomplishod.
Still another consideration involves the removal of the lubricant,
and it is somoti.nes possible to effect savings in these operations
by proper selection of the lubricant provided the performance of
the lubricants is the same.

E. Typos of Drawing Lubricant
Drawing Lubricants may be classified as follows:

1. Soap and water dispersions O

It has boon established (17, 3) that lubrication by
soap dispersions is supplied almost entirely by acid soap present
as a dispersed insoluble solid resulting from hydrolysis* The
hydrolysis of soap may be reprosentod as follows:

Na Sp .-.-- >Na+ 4 S I
(soap) (fatty acid ion)

o oi" + 1

(aeid boap)

This hydrolysis is the cause of the high alkalinity
(pH 10.2 to 11.0) of "neutral" soaps when dispersed in water at
low oonoenlrations. However, any approciable excess of alkali
should be avoided as this represses the hydrolysis. The acid
soap, formed as above, being only slightly soluble, the above
roaotion proceeds to an approciabio extent depending upon the
concentration and tomporature; the lower the concentration, and
the higher the temperature, the greater the hydrolysis, except
insofar as the solubility of the acid soap is increased at higher
temperatures. The soaps that are generally recommended for use
as drawing lubricants have fatty acids of relatively high titer,
io, solidification point, made from fats rather than oils4
Since these soaps form acid soaps that are loss soluble than those
formed from low titor fatty acids, this rocommendation is ordinarily
a proper one. However, any soap can be used if attention is paid to
accomplishing maximum hydrolysis, such as by using low concentrations.
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While practically complete hydrolysis can be attained by sufficient
dilution for the formation of an effoctive lubricant dilution
should be stopped considerably beforce this point so as to have a
cortain amount of unhydrolyzod soap available to disperse the
acid soap. It might be mentionod that many metal-forming os- N
tablishamwts consider that a soap having a heavy gol structure is
necessary and use the "slippory" fooling obtained with sucrh dis-
porsions as the criterion of a satisfactory lubricant. Whilo it is
frequently true that soaps that tend to form heavy gels are also the
most offootivo prodlcers of acid soap. it is generally advantageous to
utilize those soaps at such a low c oncontration that the gol structure
does not form*

2, Soap, fatty acids and vator

Since the effoctivo constituent of soap dispersions
is the acid soap, it appeurs obvious that additions of fatty
acids to soap so as to Increase the acid soap content would supply
more officiont lubricants, This improvement has boon observod to
a limited degree in laboratory performance tosts(18 ) but this typo
of lubricant has not boon employe, widely in metal drawing.

3. Soap, fatty oil or fat, free fatty acid, and wator

This is the conventional typo of drawing lubricant and K
iS used extensively for all sorts of drawing operations under various
proprietary namos. While the froo fatty acid may be added, it is
more customary to utilize fatty materials that are partially do-
composed into fatty acids, since this enables tho use of cheaper
matorialso It has bo3n claimod that tho fatty acid is added to "Vt t '
the metal but it is more probable that the soap an,1 fatty materials
are acting as a vohiclo for this free fatty acid which lubricatos by
the formation of polar adsorbed films. Other portions of thelubricant, notably wator, also contributo towards lubrication dur- -

Ing drawing,

It is advantageous to use as much fatty acid as possible
without causing oxceossivo corrosion. Relatively large variations
in soap and fat content usually cause littlo change in lubrication
properties and it appears that one of the main functions of the
fat or fatty oil is to form an emulsion with bho soap aznd thus inhibit
the natural foaming tondoncies of the soap disporsion. It has boon
found, in, many oasns, that tho use of soap dispersions in conjunc-
tion with an anti-foaming agent is equally satisfactory to this
convontional typo of drawing lub2icant.

4. Soap, Mineral Oil, and Water

In lubricants of this sort there is a change in the
physical properties of the soap duo to the formation of the emulsion,
including foam reduction, but the solo source of fatty acids is still
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the soap. It has not boon doterminod whethor th:e ty1n up of tha
soap in the emulsion causes a decrease in tho available froc fatty
acid* This typo of lubricant has boon used mainly as a coolanit.

5. Soaps, Hineral Oil, Fatty Acids, and Water

In lubricants of this sort the mineral oil is usod rs a
vehicle for the fatty acids and for changing the physical propertios
of the soap by formation of an aulsion. The minoreal oil is fro-
quontly used surreptitiously in place of the fatty oil in the
lubricant listed in 3 above, because of the physical similarity
between the lubricants. H1owover some of those lubricants compare
favorably in porformanco with tho emulsions containing fatty
material. In fact, those lubricants should have cortain advantages
since the absence of fatty material should cause a roduction in the
cost of tho lubricants, and should reduce rancidity. However, this
reduction in cost is not passed on to tho consumer in i~mny casos.
It should be mentioned that mineral oil is frequently onl partially
substituted for the fatty material in the lubricant listed above.
In this case, it is usually intended as an adultorant, but from a
practical standpoint thoro is very little difference in performance
and this practice may be condoned if at least part oi the cost reduction I
is passed on to the consumer.

The lubricants listed in i to 5 may be usad as substrata
for the addition of other constituents required for lubrication in
severe drawing operations, These additions may contain reactive con-
stituonts such as sulphur, chlorin, and phosphorus in their various
stages of reactivity, fillers, etc.

6. Lubricants of the above typos plus Roactivo Constituents

While chlorine and phosohorus are used to a cortain extont,
the most common reactive constituent which is added to water base
emulsions is sulphur. When sulphur is used in its olmentary form.
it functions partially as a reactive constituent and partially as a
filler. The sulphur added as a portion of sulphurizod oils may
have initially varying roactivity. Howevert because of the high 4

alkalinity of soap emulsions, there is a considerable reduction of

reaotivity of each of the sulfurized oils in comparison with the same
oils in oil or water. In fact, the reactivity of chlorine and I
phosphorus bearing compounds are sometimes reduced so much by the
high alkalinity of soup dispersions that they are ineffective as

extreme pressure lubricants in this medium.

7. Lubricants of the Above Typos Plus Fillers

The fillers that are most frequently used ares chalk,
lithopone, zinc oxide, clay, white lead: flour, yeast, bran, talc,
graphite, and mica. Those materials tend to separate mechanically



the metal surfaces insofar as thov erm adhere or rtan be trapped
between those surtaces which are ooinp suojoctod to high shoaring
stresses* Ono considerarion of the use of compounds containing fillorZs
involves tetendency for sozimontation to take placo thereby r-.
moving the filler from the sphoro of action TDhis being tho caso, it
is usually necessary to use the abova omulsions in concentrated forms
so as to inoroaso the viscosity of tho medium and thus rotard sodi..4'
montat.ons Thickening agents may also bo utilized to increaso the
viscosity of the medium, some of those beings starch, flour, golatin,
and sodium aiginato. In gonoi'al, two typos of inorganic fillers
are ~omployod, namely$ th~so that pulverizo upon being subjected toI

-.high .pr.oisux'e and the so that havo weak cleavage planes so that
slippago,,along these planes trikus place when thoy are subjeacted
to high shearing stresses* Dcamplos of the former are chalk

A (ibiting), 11thoponot and white loaid and exampleos of the lattor are
,paphito, ta3.oo and mica. The formor typo results in greater lubri-
cant ~friction than tho latter typo but are probably More eff icient
as mochan-ical separators of sliding surfaces,, in tho latter onsol,.
the foree reqluired to cause slippage at the weak clea~vage Planos is
usually relatively small so that impodonco to motion is not as great
as in the case in which a crystallino material must be crushed be-
torq mot3ion -can tako place. In tho usu of fillers in soap n~nd water
media, attontion must be laid, to, the w luoility of tho fillers, so that
0he PAp i8 nt proipitatod cas alkaline earth or heavy motal soas

This-difticulty is,;experionoed to a groxt oxtont with gypsum*
Orgcanio, 1Il4'W such,ae bran are used in, oortgiz wirq!-drqwing lubli,-

"4 oain'k~q4d. ff~er the ,odvatagqos of high adhosivones's and softnespo

~~It- haspon on that a, gqod ny
f llops c0ntAin -jpurisingly 3argo quatitios of abrasive particles

.ih4 moo- of~aur} a.roos of, kqof ,lora. 'JAn t08 pi
oearsor0 than thlo blko, thp.ilr8fO4 hyaO
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active proportios they frequently are relatively poor lubricants
.nd are inforior to soap from this viowpoint. This also applies
to "soluble oils" widely used for metal cutting which generally
have petroleum sulphonates as emulsifying agents.

9. Mineral Oil

Mineral oi. alone is quito urLIatisfac tory as a drawing
lubricant except for the mildest drawing operations. Even in these
casos the mineral oil should be not very well refined since the
small amount of polar material present in crude oil, which provides

Ssome boundary lubrication properties, tends to be removed during therefining process. Mineral oil obtained from suma crude oils such
as "Smackover Crudes,, contain relatively large amounts of sulfur,
Although of low reactivity, this sulfur imparts some small extreme
pressurc lubricant proportios to those oils* Tho cooling properties
of petroleum oil base lubricants dopondent to a considorablo extent
upon the viscosity of the oil, which should be low for bettor cooling
although not so low that the flash point is below 2750F,

10. Fatty Oil

Fatty oils have boon used quite extensively in deep
drawing operations, the most commonly used material being lrd oil,
It appoars that water base lubricants can be substituted for fatty
oils without any loss in performance in many cases, Consequently
fatty oils are rapidly being displaced as drawing lubricants since
they cannot compete with the water base lubricants on the basis of
cost and ease of removals In many cases in which fatty oils are
used, it is possible to substitute mixtures of fatty oil and mineral
oil provided that the content and type of free fatty acid are adjusted
so as to be the same and the parcentago of fatty oils is not too low,
The advantages of mineral-fatty oil combinations over straight fatty
oil are lowor cost, loss gunmir .g . loss rancidity* There is some
evidence that the performance of fatty oils is governed to a consider-
able extent by the amount anO type of free fatty acids, present as a
result of hydrolysis of the oils by bacterial or other action, but

%Q there are other constituents that make important contributions to-I wards lubrication*
ii Oe.Bae." - ... -. _

11. Oil, Baso luvicants plus Reactive Constituents

Additivos containing sulphur, chlorines or phosphorus
% are frequently incorporated into the oil lubricants just dis-
-_ ." cussed to supply lubrication under more sovore drawing conditions,

In these cases minor percentages of fatty oil may be used advant-
ageously --- the mineral oil acsing as a vohicie and the fatty oil
yielding a polar lubricant to reduce friction duo to the stress
deformation of the solid film that is formed. Reactive constituents 9
of vai-ylng activity may be used to fit the severity of the drawing
operations$
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12. Oil Base Lubricants Containing Fillers

Fillers may be incorporated into tho above lubricants to
increase the wold preventive properties of the lubricants, One j
lubricant which was oxtensively used in the early phasos of ao¢.
drawing was whito load plus linsced or castor oils. The use this

.-~ lubricant has boon practically discontinued because of the poisonous
nature of the white load and the difficulty of removing the lubricant.
Chalk (whiting) is now used extensively as a filler and frequently
lithopono is used as a substitute for white load. Othor fillers
that aro used are talc, graphite, and mica. Colloidal graphite
dispersed in mineral oil has found wide appltcation.

13. Low Molting Point Solid Lubricants

In the case of wire drawing in which a "sull" or rust
and limo coating is employed, it is customary to utilize powdered

soaps as the lubricant applied at the dies. In this case, the wire
is allowed to dip into the soap powder which adheres to the wires
This is carried to the dio and is goner;;lly converted to a trans-
parent adherant coating which frequently enables the wire to be
drawn through several dies without rolubrication. Since it is
nocosaory for the soap powder to adhere to the wire in order to be
carried into the dies, one of the most important proportios that the
soap powder must have is a resistance to the adsorption of water in
the atmosphere which would result in clumping of the soap powder.
For this reason sea p used for this purpose should be substantially
free of glycerine1 7) or other humoctants; soap builders such as
soda ash or borax are frequently added. Those built-up soaps are V
frequently relatively ineffective in water media because of the
provortion of hydrolysis by the excess alkali of the soap builder.
Groat care should therefore be exercised in attempting to utilize soaps
osignod for dry wire drawing f9 'iyet drawing. In an extensive study

of wire drawing soaps, Francis 1 found that sodium soaps high in
saporifiod fatty acid content and low in glycerides and moisture
were best while potassium soaps wore very poor.

While soap is used in powdered form in wire drawing,
in certain othor drawing operations, it has been found advantageous
to utilize dried soap coatings which are introduced onto the NMI',
surface of the work by immorsion of the work in a hot concentrated
solution of soap followed by air drying or baking. This results
in a thick coating, in contrast to boundary films, of a material

ah- which is readily plastic dnd which is probably changed to liquid
form during the drawing opration(12 ). The decrease in the oo-
efficient of friction and prevention of welding due to the attain-
mont of thick film lubrication resuits in long tool life and low
power consumption.
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In using this tochniquo, it is necessary to attain good
adherence to the basic metal. For this reason the surface of the r
mot-al must be clean and it has boon found advantageous in at loast one
instartf. to have the surfaco slightly roughened. For example,
Willians (12) has found that tho application of a light film of
mineral oil prior to a wax coating resulted in failure to obtain
the good pcrformanco of dried wax deposits.

It is possible to use other materials in place of driod
soap with similar beneficial results. 1rixes have boon used in this
manner either deposited from a solvent or from an omulsion. Fillers
or reactive constituents or both mny also be incorporated into those

emulsions.

14o Solid Lubricants

4 A lubricant that has boon used for severe drawing opera-
tions on ferrous metals consists of the stable compounds formed by
the action of sulphurizod oils or fats, which are heated with the
ometal with a considerable qu,.ntity of water boing present. This

resalts in a film of stable chemical compound consisting of sulfidos
jor partially oxidizod sulfidos, Corrosion is inhibited and friction
reduced by the layer of oily matarial formod at the same time.

- -This lubricant is used alone but ocoasionnlly a coolant is
circulated in conjunction with it@

: Coatings of rust formed In such a manner chat the o

oxide is hydrnted, and therefore not abrasive, aro extensively
used as deep drawing lubrionnts in conjunction with liquid lubricants
containing polar moleoules such as fatty acids. The sull coating
used in the wire drawing industry is of tnas typo although this ii
used in conjunction with lima and bakod to neutralim the aod usod
to cause the rust and to remove oocluded hydrogon that ombrittlosthe motal, In the ease of non-ferrous motals, oxide coatings aro

m6lso ue0 oonaivoly, although it is froquontly not roalized that
this is the eso and mome inefficient amnirioml Method of applio -
tion to frquently omployed, Tor amplo, work to oi~on atored for
1QnIo prild of timo for thin renon,

Phosphate domits havo boen Applica to Many doop draw
ind oortiona usully in conjunction with a liquid 14bricapt
41thouh in 0t leat Poe 4pplieabion it has bg repvod ttno
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4, . 15& Metal Lubricants

In certain severe drawing operations especially in
the case of ferrous metal, there is frequently interposed between tho p
work and tool a layer of a dissirdlar, ductile metal. Copper, lead,
zinc, and tin have boon used in this connection, application being
by electrolytic means, hot dipping, or chemical displacement.
This typo of lubrication has been discussed earlier in this paper. .
Non-ferrous metals are also used in powder form as fillers incorp-
orated into water or oil base lubricants, Aluminum, copper, brass,
and lead have boon used in this manner. It is, of course, necessary
to have the metal in a very finely divided state,

- o4
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